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ABSTRACT 
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o f  the rmal  c o n d i t i o n i n g  problems of  l i q u i d  hydrogen t u r b o -  

pumps t o  enhance mixed-phase o p e r a t i o n  and t o  minimize eng ine  

sys tem c o n s t r a i n t s  on s t a r t s  and r e s t a r t s .  The program con- 

s i s t s  of  t h e  fol.lowing t h r e e  i n t e r r e l a t e d  t a s k s :  I :  Reduced 

G r a v i t y  E f f e c t s  on Heat T r a n s f e r ,  11 :  Coated Feed Systems, 

and 111: Engine System Analyses .  
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INTRODUCTION 

The requirements of minimum chilldown, warm s t a r t s ,  r ap id  s t a r t s ,  reduced 

tank p r e s s u r i z a t i o n  (low tank NPSH), engine f l e x i b i l i t y ,  and engine s impl i -  

f i c a t i o n  (reduced c o s t )  a r e  being emphasized f o r  advanced L02/LH2 rocket  

engines.  Various mission app l i ca t ions  of cryogenic rocket  s t a g e s  r e q u i r e  

m u l t i p l e  engine r e s t a r t s  i n  o r b i t a l  c o a s t .  Present  feed  system components 

r e q u i r e  low-temperature precondi t ion ing  t o  enable t he  pump system t o  de- 

velop s u f f i c i e n t  head and flow f o r  engine s t a r t .  A complete understanding 

of t h e  precondi t ion ing  requirement of t h e  LH2 turbopump i s  of g rea t  import- 

ance t o  t h e  o v e r a l l  engine system s t a r t  requirements .  S impl i f ied  methods 

of precondi t ion ing  LH2 turbopumps i n  space w i l l  s i g n i f i c a n t l y  a f f e c t  engine 

system s t a r t  t ime and engine system performance. laen  accu ra t e  hydrogen 

requirements f o r  precondi t ion ing  i s  known, l o s s  of excess ive  f u e l  f o r  pre-  

c h i l l i n g  the  engine i n  space can be avoided. 

This r e p o r t  desc r ibes  a n a l t y i c a l ,  experimental ,  and eva lua t ion  s t u d i e s  

conducted t o  i n v e s t i g a t e  engine thermal condi t ion ing  problems and t o  de- 

velop thermodynamic improvements of LH2 turbopumps t o  minimize, a s  much 

as  p o s s i b l e ,  system c o n s t r a i n t s  on engine s t a r t s  and r e s t a r t s .  Maximum 

use  was made of engine and turbopump d a t a  obtained from t h e  J - 2 s  Engine 

and Sa turn  V Vehicle  programs, from other  experimental advanced engine 

and cu r ren t  engine component programs, and from h e a t  t r a n s f e r  and mixed- 

phase hydrogen d a t a  obtained from assoc ia ted  research  s tudy programs. 



The Thermodynamic Improvements i n  Liquid llydrogen Turbopumps program was 

d iv ided  i n t o  t h r e e  r e l a t e d  t a sks :  (1) t o  i n v e s t i g a t e  turbopump chilldown 

times under reduced g r a v i t y ,  (2) t o  e s t a b l i s h  t h e  f e a s i b i l i t y  and e f f e c t i v e -  

ness o f  coated feed  systems t o  enhance chilldown, and ( 3 )  t o  e s t a b l i s h  t h e  

e f f e c t  of  improved c r i t e r i a  on engine s t a r t  c a p a b i l i t i e s .  

REDUCED GRAVITY EFFECTS ON HEAT TRANSFER 

The e f f e c t s  of reduced g r a v i t y  on LH b o i l i n g  hea t  t r a n s f e r  were analyzed 
2 

by us ing  var ious  dimensionless parameters (Re, Nu, P r ,  G r ,  S t ,  e t c . )  t o  

determine t h e  predominant forces  a f f e c t i n g  turbopump chilldown under space 

condi t ions .  Both dimensional a n a l y s i s  and experimental d a t a  were used. 

The nuc lea t e  b o i l i n g  regime was found t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  

g rav i ty ;  however, t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  t r a n s i t i o n  and 

f i lm  b o i l i n g  regime a r e  reduced by a s  much a s  a f a c t o r  of 4 under near -  

zero g r a v i t y .  

COATED FEED SYSTEMS 

Analy t ica l  and experimental s t u d i e s  i n d i c a t e  t h a t  a t h i n  l a y e r  of  low 

thermal conduct iv i ty  ma te r i a l  appl ied  t o  a metal su r f ace  w i l l  produce 

r ap id  su r f ace  c h i l l .  Thus, both quick chilldown time and minimum hydro- 

gen requirements f o r  chilldown w i l l  be  obtained.  Coating ma te r i a l  compo- 

s i t i o n ,  p rocess ing ,  and app l i ca t ion  techniques were developed f o r  bo th  

convent ional ly appl ied  polymeric ma te r i a l s  and plasma-sprayed epoxy r e s i n ,  

and app l i ed  t o  t h e  t i t an ium i n l e t  duct  of  t h e  J - 2 s  Mark 29 LH2-turbopump. 

Kel-F coa t ing  was appl ied  t o  both t h e  inducer  nosepiece f a i r i n g  and i n -  

ducer.  The Kel-F coa t ing  on t h e  inducer  nosepiece,  ope ra t ing  a t  475 f t / s e c  

su r f ace  v e l o c i t y ,  accumulated a t o t a l  t e s t  t ime of 2586 seconds i n  

13 LH2 turbopump t e s t s ,  which included hot  f i r i n g ,  deep-cavi ta t ion  s t a r t s ,  

over-speed and s tnady- s t a t e  ope ra t ions ,  and was found t o  be i n  e x c e l l e n t  

condi t ion .  



ENGINE SYSTEll ANALYSIS 

An a n a l y s i s  of two-phase flow i n  hydrogen pumps was made t o  determine de- 

s ign  c r i t e r i a  f o r  i nc reas ing  t h e  al lowable vapor capac i ty  of t h e  pump. 

Performance analyses  were c o r r e l a t e d  with experimental d a t a  showing t h a t  

a maximum vapor volume f r a c t i o n  of 55 percent  i s  ob ta inab le  with small  

head l o s s .  

Engine s t a r t  analyses  us ing  coated feed  systems and two-phase flow cap- 

a b i l i t y  i n d i c a t e  s i g n i f i c a n t  p o t e n t i a l  system gains can be obtained by r e -  

ducing chilldown flow l o s s  by 35 t o  80 pe rcen t .  This  r e s u l t s  i n  reducing 

engine s t a r t  t ime,  e l imina te s  u l l a g e  and r e c i r c u l a t i o n  system weights and 

complexi t ies ,  and inc reases  payload f o r  t he  cu r r en t  S-IVB s t a g e  and the  

proposed Space S h u t t l e  o r b i t e r  s t a g e .  These analyses  were a l s o  used t o  

a s s e s s  t he  AS-504 t h i r d  s t a r t  d a t a ,  and t o  develop engine s t a r t  c r i t e r i a  

f o r  p o s s i b l e  f a i l u r e  of S-IVB f u e l  r e c i r c u l a t i o n  systems. 



CONCLUSIONS 

The r e s u l t s  of s t u d i e s  conducted i n d i c a t e  t h a t :  (1) reduced g r a v i t y  w i l l  

not a f f e c t  nuc lea t e  b o i l i n g  but  w i l l  reduce the  h e a t  t r a n s f e r  c o e f f i c i e n t s  

by a  f a c t o r  of 4 (compared with 1 g  g rav i ty )  i n  t h e  t r a n s i t i o n  and f i l m  

b o i l i n g  regimes of pool b o i l i n g  i n  hydrogen; (2) h ighe r  vapor pumping capac- 

i t y  LH2 pumps f o r  zero tank  NPSH can be obtained by des igning  t h e  inducer  

f o r  h igher  incidence-to-blade angle r a t i o ,  minimum blade  blockage,  and 

maximum i n l e t  annulus flow a rea ,  and maximum vapor volume f r a c t i o n s  from 

two t o  t h r e e  t imes g r e a t e r  than  p re sen t  pumps a r e  ob ta inab le ;  (3) a  t h i n  

thermal i n s u l a t i o n  coa t ing  of optimum th ickness  w i l l  reduce t h e  chilldown 

time of  t h e  pump and reduce t h e  h e a t  r e j e c t i o n  r a t e  from t h e  warm pump t o  

t h e  cold hydrogen; (4) i n i t i a l  success  was obtained i n  developing ma te r i a l  

composition and a p p l i c a t i o n  technique f o r  bonding polymeric and epoxy r e s i n  

coa t ings  t o  aluminum and t i tan ium m a t e r i a l s ,  and a  Kel-F-coated, t i t an ium 

inducer  nose - f a i r ing  p i e c e  has undergone 2586 seconds of LH2 turbopump 

t e s t i n g  r o t a t i n g  a t  475 f t / s e c  with complete success .  Fur ther  development 

and t e s t i n g  w i l l  be  r equ i r ed  t o  de f ine  the  l i f e  c h a r a c t e r i s t i c  of coa t ing ,  

coa t ing  th i ckness ,  and l i m i t a t i o n s  of complex shapes t o  which it can be 

app l i ed .  

An engine chilldown and s t a r t  a n a l y s i s  was made t o  i n d i c a t e  t h e  p o t e n t i a l  

gains  t h a t  w i l l  be obta ined  i n  t h e  o v e r a l l  veh ic l e  and engine system by 

using t h e  above thermodynamic improvements, such a s  h ighe r  vapor f r a c t i o n s  

and coa t ings ,  t h a t  have been developed f o r  hydrogen turbopumps. The 5-2 

type engines i n  t h e  Sa turn  V and Space S h u t t l e  launch v e h i c l e s  a r e  used 

f o r  i l l u s t r a t i n g  t h e  p o t e n t i a l  system ga ins .  

Analyses of t h e  S-IVB s t a g e  i n d i c a t e  p o t e n t i a l  reduct ions  i n  

chilldown f u e l  flow of up t o  80 pe rcen t ,  equiva len t  t o  approxi- 

mately 115 pounds of LH2 per  chilldown, and payload inc reases  

approaching 2 pe rcen t .  El iminat ion of t h e  r e c i r c u l a t i o n  system 

on t h e  S-IVB by using i d l e  mode opera t ion  during chilldown elim- 

i n a t e s  t h e  need f o r  so l id -p rope l l an t  u l l a g e  rockets  (230 pounds). 

I f  a  tank head s t a r t  i s  used t h e r e  i s  no need f o r  a u x i l i a r y  t u r -  

bine power such a s  t he  s t a r t  b o t t l e  on t h e  5 - 2  (150 pounds) o r  



s o l i d - p r o p e l l a n t  t u r b i n e  sp inne r s  used on the  J - 2 s  (which add 

115 pounds p e r  engine s t a r t ) .  Reduced NPSH requirements allow 

lower tank pressures  and reduced s t a g e  weights.  The above thermo- 

dynamic improvements a r e  most s i g n i f i c a n t  on advanced a p p l i c a t i o n s ,  

such a s  t h e  Space S h u t t l e  v e h i c l e ,  r equ i r ing  seve ra l  a l t i t u d e  

s t a r t s ,  extended engine l i f e ,  and r e u s a b i l i t y .  In  a d d i t i o n  t o  

t h e  lower chilldown flow requirements ,  o the r  improvements a r e  i n  

s t age  weight reduct ions ,  s t a g e  s i m p l i f i c a t i o n s ,  and reduced main- 

tenance between f l i g h t s .  

Although t h e s e  s t u d i e s  have centered  on LH2 pumps and feed  s y s -  

tems, t h e  technology developed i s  app l i cab le  t o  ox id i ze r  f eed  sys-  

tems a s  w e l l .  The LO2 system on t h e  S-IVB, f o r  example, i s  no t  

a s  c r i t i c a l  with regard  t o  chilldown as  t h e  LH2 s i d e  because of 

t h e  h igher  opera t ing  temperatures  and t h e  s h o r t e r  duct  length ;  

however, due t o  t h e  h igher  LO2 f l owra t e  and lower s p e c i f i c  h e a t ,  

i t  i s  est imated t h a t  system improvements could r e s u l t  i n  c h i l l -  

down flow reduct ions  s i m i l a r  t o  t hose  r e a l i z e d  on t h e  f u e l  s i d e .  

3 .  Indiv idua l  thermal improvement methods a r e  descr ibed i n  Table 1 

based on a s i n g l e  s t a r t .  Up t o  10 s t a r t s  a r e  planned f o r  many 

engines and would magnify t h e  r educ t ion  i n  chilldown l o s s e s .  The 

e f f e c t  of t h e  vapor pumping c a p a b i l i t y  of t h e  pump on chilldown 

flow and time requirements has  been analyzed f o r  a range of i n i -  

t i a l  feed  system temperatures .  With a warm feed system (400 R ) ,  

an i nc rease  i n  al lowable vapor f r a c t i o n  from 20 t o  45 pe rcen t  

r e s u l t s  i n  a saving of 52 pounds (37 pe rcen t )  of f u e l  each t ime 

the  system i s  c h i l l e d ,  a s  shown i n  Table 1. A f u r t h e r  i n c r e a s e  

t o  55 percent  saves 64 pounds (45 p e r c e n t ) .  The chilldown t ime 

reduct ions  corresponding t o  t h e  above weight a r e  2.5 and 3.5 sec -  

onds, r e s p e c t i v e l y ,  The inc rease  i n  al lowable vapor f r a c t i o n  

w i l l  a l s o  allow reduct ions  i n  s t a g e  weight due t o  lower tank p r e s -  

s u r e  requirements and e l imina t ion  of t h e  r e c i r c u l a t i o n  system. 

4.  With i n l e t  duct  and pump su r f aces  coated,  a f u r t h e r  r educ t ion  i n  

chilldown flow t o  approximately 37 pounds (74 percent )  is  achieved 

f o r  an al lowable vapor f r a c t i o n  of 55 pe rcen t .  A p o t e n t i a l  r e -  

duct ion i n  s t a r t  time and l e s s  v a r i a t i o n  i n  engine mixture r a t i o  
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i n  e a r l y  phases of t h e  engine s t a r t  a r e  a l s o  obta ined .  Minimiz- 

ing t h e  number of system v a r i a b l e s  w i l l  g r e a t l y  s impl i fy  the  en- 

g ine  con t ro l  systems. The a n a l y t i c a l  r e s u l t s  ob ta ined  on t h e  

r e l a t i v e  chilldown r a t e s  of t i t an ium,  K-monel, and Tens-50 a l u -  

minum, were used t o  e s t ima te  t h e  chilldown flow reduct ion  with 

Kel-F coa t ing  appl ied  t o  t h e  duct and pump wetted su r f aces .  

5 .  Some degree of thermal p r o t e c t i o n  w i l l  be  requi red  on any LH2 feed 

system; however, a  d e t a i l e d  ai la lysis  i s  necessary t o  a r r i v e  a t  

an optimum conf igura t ion  f o r  a  given a p p l i c a t i o n .  For purposes 

of i l l u s t r a t i o n ,  i f  t h e  h e a t  input  were reduced t o  l i m i t  t h e  f eed  

system temperature t o  100 R ,  t h e  chilldown flow would be 36 pounds 

l e s s  than  with a  400 R feed  system. The thermal p r o t e c t i o n  would 

inc rease  t h e  weight of  t he  system s l i g h t l y .  A f u r t h e r  reduct ion  

i n  h e a t  i npu t ,  s u f f i c i e n t  t o  prevent t he  vapor f r a c t i o n  of t h e  

r e s i d u a l  p rope l l an t  from exceeding the vapor pumping c a p a b i l i t y  

o f  the pump, would allow the  use  of the r e s idua l  hydrogen and t h e r e  

would be no lo s s  due t o  chilldown. 

6 .  On advanced engines where weight,  complexity, and maintenance r e -  

quirements a r e  important ,  t he  use  of a x u i l i a r y  t u r b i n e  sp inners  

does not  appear app l i cab le  f o r  h igh- f lowra te ,  topping-cycle  en- 

g ines  because of t h e  high tu rb ine  power requirements .  S imi l a r ly ,  

t h e  r e c i r c u l a t i o n  system used on t h e  S-IVB is  not  p a r t i c u l a r l y  

d e s i r a b l e .  A meaningful comparison, would be  between t h e  propel -  

l a n t  dump method of chilldown and idle-mode ope ra t ion  during c h i l l -  

down. Since t h e  chilldown p rope l l an t s  provide t h r u s t ,  t h e  l o s s  

during i d l e  mode i s  due t o  t h e  lower s p e c i f i c  impulse.  Assuming 

a  400 R f eed  system and an al lowable vapor f r a c t i o n  of 55 pe rcen t ,  

t he  idle-mode opera t ion  has t h e  e f f e c t  of sav ing  an a d d i t i o n a l  

52 pounds of f u e l  pe r  s t a r t .  Addit ional  savings would r e s u l t  from 

t h e  e l imina t ion  of t h e  u l l a g e  system. (This would amount t o  some 

230 pounds on t h e  S-IVB s t a g e .  Also a  f apo f f  cyc le  engine such 

a s  t h e  J-2S, engine s t a r t  time i s  reduced by use  of a  s o l i d -  

p rope l l an t  t u r b i n e  sp inne r ;  however, engine weight i s  inc reased . )  



7 .  Some of  t h e  combined e f f e c t s  of thermodynamic improvement tech-  

niques can be seen i n  t h e  summary of r e s u l t s  i n  Table 1 .  The 

e f f e c t  of missions r equ i r ing  more than  one a l t i t u d e  s t a r t  i s  

shown i n  F ig .  1 .  For s e l e c t e d  cases ,  payload inc reases  were 

est imated f o r  f u e l  and ox id i ze r  chilldown flow reduct ions  of  116 

pounds (83 pe rcen t )  pe r  engine s t a r t  and a  mission r equ i r ing  10 

engine a l t i t u d e  s t a r t s  each commencing with a  warm feed  system. 

Two s p e c i f i c  v e h i c l e  s t ages  were considered,  t h e  cu r r en t  S-IVB 

and t h e  proposed Space S h u t t l e  o r b i t e r .  Estimated payload i n -  

c reases  were 1810 and 2290 pounds o r  1 . 7  and 5 . 7  percent  i nc rease ,  

r e s p e c t i v e l y .  Hardware weight r educ t ion  due t o  e l imina t ion  of 

r e c i r c u l a t i o n  systems, u l l a g e  systems, and s t a r t  power system 

w i l l  c o n t r i b u t e  a s  much a s  610 pounds f u r t h e r  i nc rease  i n  payload. 

8.  Most of t h e  analyses  performed have d e a l t  with a l t i t u d e  s t a r t s .  

The enhancement of s ea  l e v e l  s t a r t  c h a r a c t e r i s t i c s  would a l s o  

prove b e n e f i c i a l  by reducing t h e  ground equipment and opera t ions  

necessary t o  prepare  t h e  veh ic l e  f o r  s t a t i c  t e s t i n g  and f o r  f l i g h t  

t a k e o f f .  This  would be e s p e c i a l l y  d e s i r a b l e  f o r  veh ic l e s  designed 

t o  f l y  from mul t ip l e  land bases ,  where s e r v i c e  opera t ions  should 

be minimized. 
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1. Inducer design f o r  improved vapor f r a c t i o n ,  a c = .45 

2'. Inducer  design f o r  ac = .55 

3 .  Inducer design f o r  u c  = .55 and add i t i on  of  feed  system i n s u l a t i o n .  

4. Inducer  design f o r  i.ic = .55 and KF-635 i n l e t  l i n e  coat ing.  

5. Inducer  design f o r  a c = .55, coa t ings ,  and i d l e  mode opera t ion  d u r i n g  
chilldown. 

*Referenced t o  S - I V R  with f u e l -  l ead  p r o p e l l a n t  chi1 ldown. 

Figure 1 . Hydrogen Chilldown Flow Reductions Obtainable With Two-Phase 
Flow Pumping Capabi l i ty  and With Coatings 



I :  REDUCED GRAVITY EFFECTS ON HEAT TRANSFER 

In  t h i s  t a s k ,  a n a l y t i c a l  s t u d i e s  of t h e  reduced g r a v i t y  e f f e c t s  on h e a t  

t r a n s f e r  were performed. To a s s i s t  i n  determining t h e  importance of 

g r a v i t y ,  t he  hea t  f l u x  c o r r e l a t i o n s  have been reduced t o  nondimensional 

form. This was done by analyzing t h e  va r ious  dimensionless r a t i o s  t h a t  

were formed from common f o r c e s  occurr ing  i n  f l u i d  systems. For pool b o i l -  

ing of s a t u r a t e d  LH2, the  fo l lowing  r e s u l t s  were found: 

1. For nuc lea t e  b o i l i n g ,  bo th  ana lys i s  and t e s t  i n d i c a t e  t h a t  t h e  

r e l a t i o n  between temperature d i f f e r ence  (T w - T s a t  ) and wa l l  h e a t  

f l u x  i s  i n s e n s i t i v e  t o  g r a v i t y .  

1/4 2 .  The peak nuc lea t e  b o i l i n g  hea t  f l u x  i s  p red ic t ed  t o  vary a s  g . 
This agrees with experimental d a t a  f o r  LN 

2 ' 

3 .  The va lue  of (ATsat)max is  found t o  vary as  g1/4 based on LN2 d a t a .  

4 .  The minimum hea t  f l u x  va lue  where t r a n s i t i o n  b o i l i n g  changes t o  
1/4 f i l m  b o i l i n g  depends on g . 

The w a l l  h e a t  f l u x  during forced  convection s a t u r a t e d  b o i l i n g ,  i s  assumed 

t o  be t h e  sum of a  cons tan t  forced  convection term and t h e  app ropr i a t e  

pool b o i l i n g  func t ion .  I t  should be noted t h a t  t h e  above conclusions a r e  

app l i cab le  t o  reduct ions  i n  g r a v i t y  from s tandard  e a r t h  g r a v i t y ,  on ly .  

POOL BOILING 

In t h e  determinat ion of reduced g r a v i t y  e f f e c t s  on h e a t  t r a n s f e r ,  t h e  

i n i t i a l  s t e p  was t o  de f ine  t h e  reg ions  of pool b o i l i n g  and f r e e  and forced  

convect ion.  Figure 2 i l l u s t r a t e s  t h e  pool b o i l i n g  curve f o r  LH2 a t  1 

atmosphere and 1 g.  The bracke ted  reg ions  i n  t h e  nuc lea t e  and f i l m  b o i l -  

ing reg ions  p e r t a i n  t o  t he  a v a i l a b l e  experimental d a t a ,  as  r epo r t ed  i n  

Ref. 1. A wide v a r i a t i o n  i n  h e a t  f l u x  versus AT i s  noted i n  t h e  nuc lea t e  

b o i l i n g  regime. This spread i n  experimental d a t a  is  a t t r i b u t e d  p r i m a r i l y  

t o  e f f e c t s  of  s u r f a c e  condi t ion ,  and sur face  geometry and o r i e n t a t i o n .  



Temperature Difference ,  TI\, - TSAT,, R 

Figure 2 .  Liquid Hydrogen Pool Boi l ing Data 



The t a sk  of choosing an a n a l y t i c a l  func t ion  t o  c o r r e l a t e  the  da t a  i s  c l e a r l y  

d i f f i c u l t ,  and it i s  hoped t h a t  the  p r e d i c t i o n s  w i l l  f a l l  wi th in  t h e  spread 

of d a t a .  For the  present  s tudy ,  a  p r e d i c t i o n  was made u t i l i z i n g  a  co r r e -  

l a t  ion by Rohsenow (Ref. 2 )  : 

A va lue  of 0.015 f o r  C was assumed and t h e  p r o p e r t i e s  of hydrogen ( a t  s a t -  

u ra t ed  vapor condi t ions  and 1 atmosphere) were taken from Ref. 1. The 

r e s u l t s  obtained with t h i s  r e l a t i o n s h i p  a r e  shown a s  a  s o l i d  l i n e  through 

t h e  nuc lea t e  b o i l i n g  regime. 

The peak hea t  f l u x  a s  i nd ica t ed  on Fig .  2 has been determined a n a l y t i c a l l y  

according t o :  

where a l l  p r o p e r t i e s  a r e  evaluated a s  f o r  E q .  1. Although experimental  

d a t a  f o r  LH2 i s  sca rce ,  t h e  t h e o r e t i c a l  p r e d i c t i o n  i s  of t h e  r i g h t  o r d e r .  

The t r a n s i t i o n  reg ion  f o r  pool b o i l i n g  has been e n t i r e l y  es t imated ,  know- 

i n g  both t h e  maximum and minimum hea t  f l u x e s .  Analy t ica l  c o r r e l a t i o n s  

wi th in  t h i s  b o i l i n g  regime a r e  not  y e t  a v a i l a b l e .  

The b o i l i n g  curve passes  through a r e l a t i v e  minimum i n  going from t h e  

t r a n s i t i o n  reg ion  t o  t h e  f i l m  b o i l i n g  reg ion .  Few experimental d a t a  p o i n t s  

a r e  a v a i l a b l e  f o r  t he  pool f i lm  b o i l i n g  minimum h e a t  f l u x .  Only n i t rogen  

a t  atmospheric p re s su re  has been s t u d i e s  t o  any ex ten t  and the  r e s u l t s  

appear t o  vary widely,  depending on su r f ace  geometry and o r i e n t a t i o n .  



Nevertheless ,  an a n a l y t i c a l  p r e d i c t i o n  proposed f o r  t he  p re sen t  LH case 
2 

i s :  

I t  should be noted  t h a t  t h e  exact  va lues  of AT f o r  which both t h e  r e l a t i v e  

maximum and r e l a t i v e  minimum hea t  f l u x e s  occur a r e  not i nd ica t ed  by t h e  

previous  r e l a t i o n s h i p s .  However, a  knowledge of t h e  approximate tempera- 

t u r e  d i f f e r e n c e  a t  which these  phenomena occur al lows t h e  app ropr i a t e  

b o i l i n g  curves t o  be  f i t t e d ,  although t h e  unce r t a in ty  p reva len t  i n  t h e s e  

r eg ions  i s  i nd ica t ed  by r ep resen t ing  t h e  curves a s  dashed l i n e  segments. 

A t h e o r e t i c a l  p r e d i c t i o n  of f i l m  b o i l i n g  hea t  t r a n s f e r  i s  i l l u s t r a t e d ,  

bracketed by a  range of experimental d a t a  f o r  LH2. The h e a t  f l u x  through 

t h e  vapor f i l m  has been shown t o  be  s t rong ly  dependent on whether t h e  f i lm  

i s  laminar o r  t u r b u l e n t  (Ref. 2). Only laminar f i lms  w i l l  be  considered 

h e r e .  For a  laminar vapor f i l m  on a h o r i z o n t a l  cy l inde r  of diameter L, 

t h e  theory  p r e d i c t s :  

where 

U t i l i z i n g  t h i s  f i l m  c o e f f i c i e n t  r e l a t i o n s h i p ,  t h e  corresponding h e a t  f l u x  

p r o f i l e  i s  shown a s  a  s o l i d  l i n e .  

Although po r t ions  of t h e  curve generated i n  F ig .  3 a r e  somewhat u n c e r t a i n ,  

t h e  primary a r e a  of i n t e r e s t  during chilldown w i l l  be  t h e  f i l m  b o i l i n g  

regime which i s  f a i r l y  we l l  known. Figure 3 d e p i c t s  t h e  f i l m  c o e f f i c i e n t  

p r o f i l e  a s  a  func t ion  of temperature d i f f e r e n c e .  During t h e  i n i t i a l  s t a g e s  



Temperature Difference TW - TSAT, R 

Figure 3 .  Liquid Hydrogen Pool Boil ing F i l m  Coeff ic ien t  



of pump and l i n e  chilldown, t h e  temperature w i l l  b e  a t  a  high enough va lue  

t o  i n i t i a t e  t h e  f i l m  b o i l i n g  (plus  forced convection) regime. The va lues  

of f i l m  c o e f f i c i e n t  proceed along t h e  curve, from r i g h t  t o  l e f t ,  as  t ime 

inc reases .  

With t h e s e  cons idera t ions  and with a  q u a l i t a t i v e  i n t e r p r e t a t i o n  of t h e  LH2 

pool b o i l i n g  curve, t h e  e f f e c t s  of  increased  p re s su re  and reduced g r a v i t y  

were demonstrated. 

PRESSURE EFFECTS 

The previous ly  derived a n a l y t i c a l  pool b o i l i n g  curve f o r  LH2 a t  1 atmosphere 

and 1 g i s  reproduced i n  Fig.  4 . U t i l i z i n g  t h i s  curve as  a  r e f e r e n c e ,  

t h e  e f f e c t  of i nc reas ing  the  LH2 t o  100 p s i a  is  a l s o  shown. I t  should be  

noted t h a t  t h e  hydrogen i s  s t i l l  assumed t o  be  a t  s a t u r a t e d  cond i t i ons ,  

corresponding t o  100 p s i a .  In  de r iv ing  t h e  curve f o r  an e leva ted  p r e s s u r e ,  

it has been assumed t h a t  t he  mechanisms of h e a t  t r a n s f e r  a r e  unaf fec ted  

and t h a t  t h e  s o l e  cause of changes i n  hea t  f l u x  r e s u l t  from dev ia t ions  i n  

the  thermodynamic p r o p e r t i e s  of hydrogen. The a n a l y t i c a l  p red ic t ions  i n -  

d i c a t e  an inc rease  i n  h e a t  f l u x  over t h e  e n t i r e  range of pool b o i l i n g .  

However, Ref.  3 has  shorn experimental ly  t h a t  s u b s t a n t i a l  i nc reases  i n  

hea t  f l u x  occur  only during f i l m  b o i l i n g  and a t  t h e  maximum and minimum 

hea t  f l u x e s .  Within t h e  nuc lea t e  and t r a n s i t i o n  b o i l i n g  regimes, t h e  

e fgec t  o f  pres su re  appears minimal, poss ib ly  due t o  t h e  d i f f i c u l t y  i n  

obta in ing  reproducib le  d a t a  i n  t hese  regimes. 

DIMENSIONAL ANALYSIS 

To determine t h e  e f f e c t s  of reduced g rav i ty  on LH2 b o i l i n g  hea t  t r a n s f e r ,  

it was necessary  t o  determine t h e  predominant f o r c e s  ac t ing  on t h e  LH2 

f l u i d  system. This was done by analyzing t h e  var ious  dimensionless r a t i o s  

t h a t  can be  formed from t h e  common f o r c e s  occurr ing  i n  f l u i d  systems ( e . g . ,  

g r a v i t a t i o n a l ,  surfa-ce t ens ion ,  i n e r t i a l ,  and viscous fo rces )  . Table 2 

presents  t h e  app l i cab le  dimensionless f o r c e  r a t i o s  and t h e i r  c r i t i c a l  

va lues .  The c r i t i c a l  va lue  i s  t h a t  va lue  a t  which both fo rces  a r e  of equal  

importance. 





TABLE 2 

APPLICABLE DIMENSIONLESS FORCE RATIOS 

Name Force Rat io Def in i t i on  C r i t i c a l  Value 

Grav i t a t i ona l  - g(p, - pV) L' 
Bond Number, Bo - - - Surface  Tension gc a 

I n e r t i a l  - - 
P vL 

Froude Number, F r  = Grav i t a t i ona l  g(pL - P,)L 

Viscous Grashof Number, G r  = Gravitional - - 1.Iv 
2 

g(pL - pv)L 

- - I n e r t i a l  
Weber Number, W - - p v2 L 

Surface Tension ca 

I n e r t i a l  
Reynolds Number, Re = Viscous 

In each of t h e  above terms,  L i s  a  c h a r a c t e r i s t i c  length  of t h e  p a r t i c u l a r  

s u r f a c e  and V i s  a  c h a r a c t e r i s t i c  v e l o c i t y .  For i n s t ance ,  wi th in  t h e  

Froude number, L would be t h e  r ad ius  of a  r e p r e s e n t a t i v e  vapor bubble and 

V would be  the  time r a t e  of i nc rease  of bubble r ad ius .  

I 

For any p a r t i c u l a r  system i n  which t h e  f o r c e  r a t i o  dev ia t e s  g r e a t l y  from 

t h e  c r i t i c a l  va lue ,  one of t h e  fo rces  w i l l  become dominant. F igure  5 

i l l u s t r a t e s  t h i s  f a c t  f o r  t h e  Bond number. I t  should be  noted t h a t  t h e  

s u r f a c e  t ens ion  may provide t h e  predominant f o r c e ,  even a t  s tandard  g r a v i t y ,  

i f  t h e  r ad ius  i s  extremely small  ( c a p i l l a r y  a c t i o n ) .  S imi l a r  reasoning 

can b e  appl ied  t o  t h e  remaining f o r c e  r a t i o s .  

The usua l  dimensionless parameters u t i l i z e d  i n  hea t  t r a n s f e r  a n a l y s i s  a r e  

presented  i n  Table 3. 



C h a r a c t e r i s t i c  Length, L ,  F t  

F igure  5 .  H y d r o s t a t i c  Force Regimes 



Name 

TABLE 3 

HEAT TRANSFER DIMENSIONLESS PARAMETERS 

Ratio D e f i n i t i o n  

Convective Heat Capacity - - h D - 
Number = Conductive Heat Capacity k 

Kinematic V i scos i ty  
Prandtl Number = Thermal D i f f u s i v i t y  

Nussel t  No. - - h 
Stanton Number = (Prandt 1 No. ) (Reynolds No. ) P cp v 

Reduction of t h e  previous ly  der ived  b o i l i n g  h e a t  t r a n s f e r  equat ions  i n t o  

nondimensional form w i l l  provide a b e t t e r  phys ica l  i n t e r p r e t a t i o n  of t h e  

phenomena. Indeed, t h e  r a t h e r  i r r e g u l a r  e f f e c t  of g r a v i t y  throughout t h e  

pool b o i l i n g  process  may b e  explained from a knowledge of t h e  f o r c e  r a t i o s ,  

and i t  is t h e  magnitudes of a l l  t h e s e  parameters which govern t h e  h e a t  

t r a n s f e r  r a t e s  of a p r a t i c u l a r  f l u i d  system. By applying t h e s e  parameters  

t o  E q .  1 through 4 ,  t h e  fol lowing r e l a t i o n s h i p s  a r e  obtained:  

e Nucleate Boil ing 

e Peak Heat Flux 



e blinimum Heat Flux 

NU = U.UY Llo ' 

L u r ~  Keb re ' 1CPL(TW - Tsat) 1 \PL + P,) 

where Re - b - 
JPYv 

lJr  

e F i l m  Boil ing 

Heat t r a n s f e r  c o e f f i c i e n t s  may be expressed i n  terms of S tan ton  number 

through t h e  r e l a t i o n s h i p :  

Fu r the r  s i m p l i f i c a t i o n s  may be  made by r e a l i z i n g ,  

however, g r a v i t y  e f f e c t s  can b e s t  be explained with t h e  above forms. The 

s u b s c r i p t s ,  L ,  v ,  and vf s i g n i f y ,  r e s p e c t i v e l y ,  t h e  l i q u i d ,  vapor ,  and 

vapor-f i lm s t a t e s .  

The b a s i c  premise behind dimensional ana lys i s  r equ i r e s  each of  t h e  para-  

meters i n  t h e  above equat ions t o  be  a t  o r  near  i t s  c r i t i c a l  va lue .  Non- 

un i fo rmi t i e s  i n  t h e s e  r e l a t i o n s h i p s  i s  i n d i c a t i v e  of t h e  f a c t  t h a t  they  

were der ived  independent ly by d i f f e r e n t  r e sea rche r s .  Should any parameter 

d i f f e r  g r e a t l y  from i t s  c r i t i c a l  va lue ,  then t h e  corresponding equat ion 

must be r ede r ived .  Inspec t ion  of E q .  5 through 8 r evea l s  t h a t  t h e  nuc lea t e  

b o i l i n g  regime was considered independent of viscous fo rces  and t h e  f i l m  



b o i l i n g  regime independent of su r f ace  tens ion  f o r c e s .  While t h i s  may have 

been j u s t i f i e d  f o r  t h e  p a r t i c u l a r  system used f o r  t h e  d e r i v a t i o n  of t hese  

forms, care  must be  taken t o  eva lua t e  each parameter ,  and thus  determine 

t h e  predominant fo rces ,  when i n v e s t i g a t i n g  a  new s i t u a t i o n .  

GRAVITY EFFECTS 

Referr ing t o  Eq. 5 through 8 ,  t h e  hea t  f l u x  is  found t o  be p ropor t iona l  

t o  g1/2 ( r 2 )  f o r  t h e  nuc lea t e  b o i l i n g  regime whereas t he  maximum and 

minimum hea t  f l u x e s ,  a s  wel l  a s  t h e  f i l m  b o i l i n g  hea t  f l u x ,  a r e  a l l  pro- 

p o r t i o n a l  t o  g  ( B O ~ / ~ )  , However, t h e  r e s u l t s  of experimental d a t a  i n -  

d i c a t e  t h a t  t h e  nuc lea t e  b o i l i n g  hea t  f l u x  (and t r a n s i t i o n  regime) i s  i n -  

dependent of t h e  l o c a l  g r a v i t a t i o n a l  f i e l d ,  b u t  j u s t i f i e s  t h e  remaining 

a n a l y t i c a l  p r e d i c t i o n s .  d 

Experimental d a t a  f o r  LH2 i s  r a t h e r  l i m i t e d ;  however, F ig .  6 (Ref. 4) 

i l l u s t r a t e s  t h e  i n s e n s i t i v e n e s s  of  hea t  f l u x  with g r a v i t y  dur ing  nuc lea te  

b o i l i n g .  This  can be explained by an i n v e s t i g a t i o n  of t h e  fo rces  a c t i n g  

on an ind iv idua l  bubble.  The r a t i o  of i n e r t i a l  fo rces  t o  g r a v i t a t i o n a l  

fo rces  (Froude number) becomes a  c r i t e r i o n  f o r  t h e  c o n t r o l l i n g  f o r c e  i n  

bubble growth. When t h e  Froude number i s  of t h e  order  of 1, t h e s e  two 

f o r c e s  have approximately equal va lue .  Should t h i s  r a t i o  be g r e a t e r  than 

u n i t y , t h e n  t h e  i n e r t i a  fo rces  may be  expected t o  predominate. The oppo- 

s i t e  w i l l  be t r u e  f o r  Froude numbers l e s s  than u n i t y .  Reference 5  has 

i nd ica t ed  t h a t ,  f o r  cryogenic l i q u i d s  a t  1 atmosphere and 1 g ,  t h e  Froude 

number i s  on t h e  o rde r  of 1500. Hence, even a t  s tandard  e a r t h  g r a v i t y ,  

t h e  predominant f o r c e  i n  nuc lea te  b o i l i n g  is  an i n e r t i a l  f o r c e ,  and buoyant 

f o r c e s  a r e  i n s i g n i f i c a n t .  This f a c t  would suggest  t h a t  Eq. 1 and 5 be  r e -  

der ived  f o r  t h e  p re sen t  problem, independently of g r a v i t a t i o n a l  f o r c e s ,  

f o r  t h e  b o i l i n g  process  i s  a l ready  opera t ing  i n  an e f f e c t i v e  zero-gravi ty  

atmosphere. 

Experimental d a t a  f o r  t h e  remaining b o i l i n g  phenomena a r e  l imi t ed  t o  L N 2 ,  

The hea t  f l u x  dependence on g1/4 f o r  both t h e  peak and minimum hea t  f l u x  

va lues  i s  j u s t i f i e d  by Lewis e t  aP. (Ref. 3 ) .  However, w i th in  t h e  f i l m  
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Figure 6 .  E f fec t  of Gravity on Liquid ilydrogen Nucleate Boiling (Experimental) 
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b o i l i n g  regime, they have found Q/A t o  be propor t iona l  t o  e i t h e r  g1/3 o r  

g2/9  depending on t h e  geometry. A s  was noted e a r l i e r ,  t he  c o r r e l a t i o n  

f o r  f i l m  b o i l i n g  was developed f o r  h o r i z o n t a l  cy l inde r s  with a  laminar 

vapor f i l m .  Therefore,  f o r  t h e  sake of con t inu i ty ,  t h e  1/4 power dependency 

was r e t a i n e d  with cons idera t ion  t h a t  each p a r t i c u l a r  case may have t o  be 

i n v e s t i g a t e d  s e p a r a t e l y .  

Perhaps t h e  most s i g n i f i c a n t  r e s u l t  achieved by Lewis e t  a l .  during t h e i r  

experiments was t h e  c o r r e l a t i o n  of (AT ) a (a/g)  ( i  . e  . , t h e  temp- s a t  max 
e r a t u r e  d i f f e r e n c e  a t  which t h e  peak nuc lea t e  b o i l i n g  hea t  f l u x  occurs  

w i l l  decrease  with a  decrease i n  t h e  l o c a l  a c c e l e r a t i o n ) .  

Figure 7 (Ref. 5 ) - r e p r e s e n t s  t h e  e n t i r e  experimental pool b o i l i n g  curve 

f o r  s a t u r a t e d  LN2 a t  1 atniosphere and a t  l o c a l  a c c e l e r a t i o n s  of 1 and 0.02 

g .  F igure  8 r ep re sen t s  t h e  e n t i r e  a n a l y t i c a l  pool b o i l i n g  curve f o r  s a t -  

u ra t ed  LH2 a t  1 atmosphere and a t  l o c a l  a c c e l e r a t i o n s  of 1 and 0.004 g .  

A q u a l i t a t i v e  comparison of t h e s e  two f i g u r e s  i n d i c a t e s  t h a t  t he  developed 

a n a l y t i c a l  c o r r e l a t i o n s  f o r  LH2 a r e  r e p r e s e n t a t i v e  of t h e  a c t u a l  ca se .  

The va lue  of (a/g)  = 0.004 was chosen because i t  w i l l  r e s u l t  i n  a  Bond 

number of 1 a t  an L = 1 inch .  This va lue  of L i s  c h a r a c t e r i s t i c  of  t h e  

pump mean hydrau l i c  diameter*for  a  t h r u s t  l e v e l  of 40,000 pounds a s  d i s -  

played i n  Ref. 6 .  Hence, a t  t h i s  va lue  of (a /g) ,  t h e  s u r f a c e  t ens ion  and 

g r a v i t a t i o n a l  fo rces  a r e  of t h e  same o rde r ,  and f u r t h e r  reduct ions  i n  

g r a v i t y  w i l l  have l i t t l e  e f f e c t  on t h e  hea t  f l u x .  Var ia t ions  i n  t h e  mean 

hydrau l i c  diameter w i l l  r e s u l t  i n  d i f f e r e n t  c r i t i c a l  va lues  of (a /g) .  

FORCED CONVECTION 

Although genera l  t h e o r e t i c a l  equat ions f o r  LH2 forced  convection s a t u r a t e d  

b o i l i n g  have no t  y e t  been developed, t h e  r e l a t i v e l y  simple method of super -  

p o s i t i o n  can b e  used:  

- 
h o v e r a l l  - hforced convection ' hpool b o i l i n g  

* 
Flow through a  blade passage a rea  







Therefore ,  i f  forced convection hea t  t r a n s f e r  is  independent of v a r i a t i o n s  

i n  t h e  g r a v i t y  f i e l d ,  t h e  change i n  h e a t  f l u x  experienced a t  reduced grav- 

i t i e s  w i l l  be  s o l e l y  a t t r i b u t e d  t o  t h e  decrease i n  hea t  f l u x  wi th in  t h e  

pool b o i l i n g  regime. 

' (QIA) to ta l  
- 
- A(Q/A)pool b o i l i n g  

This  r e l a t i o n s h i p  i n d i c a t e s  t h a t  even i f  experimental d a t a  cannot be co r r e -  

l a t e d  a t  s tandard  g r a v i t y ,  t h e  r e s u l t i n g  hea t  f l u x  a t  reduced g r a v i t i e s  

can be p red ic t ed  by a  knowledge of t h e  pool b o i l i n g  c h a r a c t e r i s t i c s  a lone .  

The a c t u a l  reg ions  of g rav i ty  dependence wi th in  forced  convection h e a t  

t r a n s f e r  can be found by cons ider ing  t h e  Grashof number f o r  any p a r t i c u l a r  

case.  A r e p r e s e n t a t i o n  s i m i l a r  t o  t h a t  of F ig .  5 can b e  developed and 

the  in f luence  of  viscous fo rces  and g r a v i t a t i o n a l  fo rces  can be determined. 

Inherent  i n  assuming a  supe rpos i t i on  of f i l m  c o e f f i c i e n t s  is  t h a t  t h e  p re -  

dominant fo rces  of forced  convection and t h e  predominant f o r c e s  of  pool  

b o i l i n g  a r e  mutually exc lus ive .  For i n s t ance ,  any drag  f o r c e  t h a t  might 

be  induced on a  vapor bubble by a  flowing l i q u i d  i s  neglec ted .  A more 

accu ra t e  r ep re sen ta t ion  of forced  convection s a t u r a t e d  b o i l i n g  must con- 

s i d e r  t h e  i n t e r r e l a t i o n s h i p  of a l l  f o rces  p e r t i n e n t  t o  each of t h e  p o s s i b l e  

flow cond i t i ons .  

EFFECTS OF THERMAL VARIABLES ON LH2 PUMP CHILLDOWN 

In previous  a n a l y t i c a l  s tudy  (Ref. 7 ) )  i t  was shown t h a t  a  t h i n  l a y e r  of 

very low thermal conduct iv i ty  ma te r i a l  can e f f e c t i v e l y  reduce t h e  c h i l l -  

down t ime of a  pump. Also, a  reduct ion  i n  t o t a l  hydrogen requirements f o r  

chilldown of t h e  pump was shown. Ana ly t i ca l  chilldown analyses  were con- 

ducted f o r  t y p i c a l  ma te r i a l s  used f o r  t h e  f a b r i c a t i o n  of LH2 turbopumps. 

The analyses  included metals  f o r  hea t  t r a n s f e r  c o e f f i c i e n t  boundary condi- 

t i o n s  of pool b o i l i n g  under zero and u n i t y  g r a v i t y  and forced  convect ion 
2 a t  LH2 mass v e l o c i t i e s  of 2 and 5 l b / i n .  -sec.  

Analy t ica l  chilldown i n v e s t i g a t i o n s  were conducted with coated and uncoated 

Tens-50 z luminm,  t i t an ium,  and K-monel m a t e r i a l s  which r ep re sen t  t h e  Mark 

15 and Mark 29 LH2 pump p a r t s .  

2 7 



The hea t  t r a n s f e r  c o e f f i c i e n t  boundary condi t ions  considered i n  t h i s  ana- 

l y t i c a l  study were: 

1. Pool b o i l i n g  under zero g rav i ty  

2 .  Pool b o i l i n g  under a  u n i t y  g rav i ty  

2 
3 .  Forced convection a t  LH2 mass v e l o c i t i e s  of 2 l b / i n .  - sec  

2 
4.  Forced convection a t  LH2 mass v e l o c i t i e s  of 5 l b / i n .  -sec 

The fol lowing s e c t i o n s  d e s c r i b e  t h e  r e s u l t s  of t h e  computer s tudy  f o r  

both coated and uncoated m a t e r i a l s .  

Chilldown of Ma te r i a l s  (Uncoated) 

Analy t ica l  chilldown s t u d i e s  were c a r r i e d  out  us ing  t h r e e  b a s i c  metals  t h a t  

a r e  most commonly u t i l i z e d  i n  t h e  manufacture of LH pumps. These meta ls  
2 

were Tens-50 aluminum, t i t an ium,  and K-monel. A small  model r ep re sen t ing  

a  segment of t h e  hydrogen pump was s e l e c t e d  and was broken down i n t o  sma l l e r  

nodal p i eces .  This  model and i t s  nodal breakdown i s  shown on F ig .  9 . 
The model was prepared f o r  an e x i s t i n g  thermal ana lyzer  computing program 

(DEAP). The accuracy of  t h e  r e s u l t s  depended on t h e  inpu t  d a t a ;  t h e r e -  

f o r e ,  t h e  s p e c i f i c  h e a t  and t h e  thermal conduct iv i ty  of t h e  metals  used 

i n  t h e s e  analyses  were input  t o  t h e  program i n  t h e  form of t a b l e s  covering 

t h e  e n t i r e  range of temperature v a r i a t i o n s .  I t  was assumed f o r  t h e  s tudy  

t h a t  t h e  metal was i n i t i a l l y  a t  70 F (530 R ) .  

The chilldown analyses  were c a r r i e d  out  assuming f o u r  d i f f e r e n t  condi t ions  

f o r  t h e  coolant  hydrogen: 

1. Pool b o i l i n g  under zero-gravi ty  condi t ion  

2 .  Pool b o i l i n g  under a  un i ty -g rav i ty  condi t ion  

L 
3.  Forced convection a t  a  mass f l u x  of 2 l b / i n .  - sec  

4 .  Forced convection a t  a  mass f l u x  of 5 ~ b / i n . ~ - s e c  



0.5 In .  IC 

Figure 9 . Simple .Model of  Uncoated IMetal Showing Nodal Breakdown f o r  
Chilldown Study 



The de termina t ion  of t h e  hydrogen h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  zero- 

g rav i ty  and un i ty -g rav i ty  condit ions was based on t h e  d a t a  of  F ig .  8 .  

Equation 25 of Ref.  7 (given below) was u t i l i z e d  t o  compute t h e  hydrogen 

hea t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  forced  flow condi t ion  with b o i l i n g :  

The r e s u l t s  a r e  p l o t t e d  on F ig .10  as  h e a t  f l u x  versus  temperature d i f f e r -  

ence between t h e  wall  and t h e  hydrogen-saturat ion temperatures .  Equation 

9 i s  v a l i d  f o r  a  temperature d i f f e r e n c e  (TW - Ts a t  ) of about 20 t o  500 R .  

Below a  temperature d i f f e r e n c e  of 20 R ,  t h e  r e s u l t s  of Eq. 9 a r e  lower than  

t h e  t r a n s i t i o n  and nuc lea t e  b o i l i n g  r eg ion .  Consequently, below a  AT of 

about 20 R ,  t h e  h e a t  f l u x e s  found through t h e  use  of Eq. 9 (dashed s e c t i o n  

of F ig ,  l o ) ,  which was added t o  t h e  h e a t  f l u x e s  under t h e  u n i t y  g r a v i t y  

condi t ion ,  was used t o  determine t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  F igure  10 

shows t h e  hea t  f l u x  versus temperature d i f f e r e n c e  f o r  t h e  condi t ions  used 

i n  t h i s  chilldown a n a l y s i s .  Also, t h e  experimental r e s u l t s  of Ref. 8 ,  
2  which a r e  f o r  a  mass f l u x  of about 0.586 l b / i n .  - sec ,  a r e  shown on F ig .  10 

f o r  comparison purposes.  A f a i r  agreement e x i s t s  between t h e  d a t a  of  

Ref. 8  and t h e  va lues  obtained from Eq. 9 .  The r e s u l t s  of F ig .  10 were 

transformed i n t o  h e a t  t r a n s f e r  c o e f f i c i e n t s - a n d  were inputed i n t o  t h e  pro-  

gram i n  a  t abu la t ed  form (heat  t r a n s f e r  c o e f f i c i e n t  versus  T  w - T s a t  
) f o r  

a l l  condi t ions  analyzed. Figure 11 shows h e a t  t r a n s f e r  c o e f f i c i e n t s  versus  

AT f o r  var ious  cond i t i ons .  

The computer program was run long enough s o  t h a t  t h e  wetted s u r f a c e  temp- 

e r a t u r e  dropped below -400 F f o r  most of t h e  cases .  The temperature o f  

hydrogen was kept  cons tan t  a t  -423 F r ep re sen t ing  a l l  chilldown condi t ion  

except very  low flow condi t ions .  L i s t ed  i n  Table 4 a r e  some of t h e  pe r -  

t i n e n t  d a t a  i npu t  i n t o  t h e  thermal ana lyzer  program. 

When t h e  r e s i s t a n c e  r a t i o s  (K/WC 1 of t h e s e  meta ls  l~iere compared, it was 
P- 

expected t h a t  t h e  s u r f a c e  temperature of  t i t an ium would drop much f a s t e r  

than  t h a t  of aluminum and K-monel. However, due t o  t he  v a r i a t i o n  of 

s p e c i f i c  hea t  and thermal conduct iv i ty  with temperature,  t he  s u r f a c e  



1 10 100 

0 Temperature Difference,  Tw-Tsat, R 

Figure 10. Effect  of Gravi ty and Forced Convection on Liquid 
Hydrogen Pool Boil ing 



Temperature Difference,  o Tw-Ts a t  ' R 

Figure. 11. Ef fec t  o f  Gravi ty and Forced Convection on Hydrogen 
Heat T rans fe r  Coe f f i c i en t s  



TABLE 4 

CObIPARISON OF AVERAGE CAPACITANCES AND AVERAGE THERMAL 

CONDUCTIVITIES OF THE METAL AT -24 F 

temperature of A 1  and T i  remained f a i r l y  c lo se  toge the r  f o r  low va lues  

of h e a t  t r a n s f e r  c o e f f i c i e n t s .  A t  h ighe r  values of hea t  t r a n s f e r  c o e f f i c -  

i e n t ,  t h e  d i f f e r e n c e  i n  su r f ace  temperature became prominent. Again t h e  

e f f e c t  of phys ica l  proper ty  v a r i a t i o n  with temperature caused t h e  cool ing  

curves f o r  aluminum and t i tan ium t o  c ros s  one another  f o r  h igh  va lues  of 

hea t  t r a n s f e r  c o e f f i c i e n t s .  

Metal 

Aluminim 

Titanium 

K-monel 

Pool Boil ing Chilldown Under Zero-Gravity Condit ions.  This  condi t ion  may 

e x i s t  when a  v e h i c l e  i s  i n  o r b i t  around t h e  e a r t h  o r  during space miss ions .  

Before an engine s t a r t s ,  t h e  warm hydrogen pump must be precondit ioned t o  

ensure a  smooth engine s t a r t .  I f  t he  pump was permit ted t o  be f i l l e d  with 

hydrogen without flow (dump c a s e ) ,  t h e  hea t  w i l l  be  t r a n s f e r r e d  from t h e  

warm su r faces  of t h e  pump i n t o  t h e  nonflowing hydrogen by means of t h e  pool  

b o i l i n g  process .  The reduced g rav i ty  condi t ion  caused a reduct ion  i n  t h e  

hea t  f l u x .  The r e s u l t s  of chilldown analyses  under t h i s  condi t ion  i n d i c a t e  

t h a t  t o  achieve a  s u r f a c e  temperature of about -405 F f o r  uncoated Tens-50 

aluminum, t i t an ium,  and K-monel, chilldown times of about 705, 662, and 

1100 seconds, r e s p e c t i v e l y ,  a r e  r equ i r ed .  These times a r e  very  h igh  and 

can be  reduced i f  forced convection i s  appl ied .  Figure 12 d e p i c t s  t h e  

wetted su r f ace  temperature versus  chilldown time f o r  t h e  model cases  

analyzed. 

. This  cond i t i on  

i s  preva len t  during ground hydrogen pump precondi t ion ing  when the  pump i s  

merely f i l l e d  with b o i l i n g  LHT As shown on Fig .  1 0 ,  t h e  h e a t  f l u x e s  and, 

K/  WC 
P'  

( i n .  /sec)  

0.521 

0.0416 

0.0602 

wc 
P '  

(Btu/F) 

0.00196 

0.001675 

0.00272 

K ,  
(Btu/ in .  -sec-F) 

0.00102 

0.0000696 

0.000164 
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consequent ly,  t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  (Fig.  11) under t h i s  condi- 

t i o n  a r e  h ighe r  than those  of t h e  zero-gravi ty  cond i t i on .  These hea t  t r a n s -  

f e r  c o e f f i c i e n t s  were app l i ed  t o  t he  model and t h e  wetted su r f ace  temper- 

a t u r e  a s  a func t ion  of chilldown time was determined f o r  t h e  t h r e e  mater- 

i a l s  under i n v e s t i g a t i o n .  Figure 13 dep ic t s  t h e  r e s u l t s  under t h i s  con- 

d i t i o n  and shows the  r equ i r ed  chilldown times f o r  t h e  achievement of  a 

wet ted s u r f a c e  temperature of  about -405 F .  The requi red  chilldown times 

a r e  about 190, 205, and 315 seconds f o r  uncoated aluminum, t i t an ium,and 

K-monel, r e s p e c t i v e l y .  This  i s  a cons iderable  improvement compared t o  

t h e  pool b o i l i n g  under zero-gravi ty  condi t ions .  However, t h e  r equ i r ed  

chilldown time i s  s t i l l  high and f u r t h e r  reduct ions  a r e  des i r ed .  

2 Forced Convection Chilldown a t  Mass Flux of 2 l b / i n .  - s ec .  Under fo rced  

convect ion,  t h e  r e s i s t a n c e  of t h e  t r a n s f e r  of h e a t  from t h e  warm s u r f a c e s  

t o  t h e  hydrogen was much lower than t h a t  during t h e  two previous processes .  

This  means t h a t  under forced  convection, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  was 

much h i g h e r .  The average hea t  t r a n s f e r  c o e f f i c i e n t  between a AT of 20 t o  

1000 R was about 0.000033, 0.000166, and 0.00093 ~ t u / i n .  ' - s e c - ~  f o r  t h e  

zero g r a v i t y ,  u n i t y  g r a v i t y ,  and a mass f l u x  of 2 ~ b / i n . ~ - s e c  cond i t i on ,  

r e s p e c t i v e l y .  Therefore,  t h e  wetted sur face  temperature decreased more 

r a p i d l y  under t h e  forced  convection than the  two previous ly  cond i t i ons .  

The achievement of a s u r f a c e  temperature of about -405 F i s  accomplished 

i n  about 30, 65,  and 74 seconds f o r  t h e  uncoated aluminum, t i t an ium,  and 

K-monel, r e s p e c t i v e l y .  The r e s u l t s  of  t h e  chilldown study under t h i s  

condi t ion  a r e  p l o t t e d  on F ig .  1 4 .  

2 Forced Convection Chilldown a t  a Mass Flux of 5 l b / i n .  - sec .  As t h e  hy- 

drogen mass f l u x  was increased ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  was a l s o  

increased ,  and a reduct ion  i n  t h e  chilldown time of t h e  metal was obta ined .  

The achievement of a s u r f a c e  temperature of about -405 F was a t t a i n e d  i n  

approximately 20, 50, and 60 seconds f o r  uncoated aluminum, t i t an ium,  and 

K-monel, r e s p e c t i v e l y .  



Chi1 ldown Time, seconds 

Figure 1 3 .  Wetted Surface Temperature vs Chilldown Time Under Pool 
Boi l ing Condition and Unity Gravi ty  



Chilldown Time - Seconds 

Figure 14. Wetted Surface Temperature vs Chilldown Ti e Under 1 Forced Convection Condition of G = 2 l b / i n  Set. 



Figure  15 dep ic t s  t he  wetted s u r f a c e  temperature versus  chilldown time 

f o r  t h i s  condi t ion .  I t  was no t i ced  (F ig .12  through 1 5 )  t h a t  t h e  cool ing 

curves of t h e  uncoated aluminum and t i tah ium cross  one another .  Based on 

t h e  average va lues  of WC and K/WC (given i n  Table 4 ) ,  t h e  t i t an ium su r -  
P P 

f ace  temperature should be lower than t h a t  of aluminum a t  a l l  t imes .  The 

c ros s ing  of t h e  two cooldown curves occurred because t h e  s u r f a c e  tempera- 

t u r e  o f  t i t an ium i n i t i a l l y  decreased very r a p i d l y  but  because of t h e  low 

thermal conduct iv i ty ,  t h e  temperature of t he  main body remained f a i r l y  

unchanged (Fig.  16) .  A t  low s u r f a c e  temperatures ,  t h e  h e a t  f l u x  and con- 

sequent ly  t h e  r a t e  of h e a t  removal was low; t h e r e f o r e ,  a long chilldown 

time was requi red .  In  t h e  case  of aluminum (very high thermal conduc t iv i ty ) ,  

t h e  d i f f e r e n c e  between t h e  s u r f a c e  and back s i d e  temperatures  i s  small  

(Fig.  17) and t h e  e n t i r e  body cooled down a t  a nea r ly  uniform temperature.  

Because of t h e  h igher  s u r f a c e  temperature,  t h e  hea t  f l u x  and t h e  hea t  r e -  

moval r a t e  was h ighe r  f o r  aluminum. Therefore,  a s h o r t e r  chilldown time 

was r equ i r ed  f o r  Tens-50 aluminum than  t i t an ium f o r  very low su r face  

temperatures .  For t h e  comparison purposes,  a p l o t  of F/k versus  chilldown 

t ime was prepared f o r  t h e  t h r e e  meta ls  under i n v e s t i g a t i o n  (F ig .  18) .  

Again average va lues  of K and k was used t o  cons t ruc t  F ig .  18. I t  i s  seen 

t h a t  f o r  a given va lue  of 6- t h e  requi red  chilldown time was l e s s  f o r  t h e  

Tens-50 aluminum t o  reach t h e  d e s i r e d  s u r f a c e  temperature.  

For comparison purposes,  Table 4 was prepared t o  i n d i c a t e  t h e  average values 

( a t  -247 F) of WC and thermal  conduc t iv i ty .  Tables 5 and 6 show t h e  
P 

s u r f a c e  and backside temperature of t h e  specimen a t  va r ious  t imes.  A t  

low values of h e a t  t r a n s f e r  c o e f f i c i e n t ,  t h e  chilldown time was much longer  

and t h e  thermal g rad ien t  was much sma l l e r  (Table 5) than  f o r  t h e  case of 

h igh  h e a t  t r a n s f e r  c o e f f i c i e n t  (Table 6 ) .  



Figure 1 5 .  Wetted Surface Tenrperature vs Chilldown Time Under Forced 
Convection Condition of G = 5 lb / in  .2 sec  
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TIE SECW 

Figure 1 6 .  Temperature vs Chilldown Time f o r  Ti taniun  Under ~ o r c e d  ~ o n v e c t i q n  
Condition (G = 2 ~ b s / l n . ~  Second) 



YIK SECONDS 

Figure 1 7 .  Temperature vs Chilldown Time f o r  Coated and Uncoated Aluminum 
Under Pool Boiling Condition Near Zem Gravity (a = 0.004) 
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TABLE 5 

COEilPARISON OF THE WETTED SURFACE AND THE BACKSIDE TEMPERATURES 

OF THE UNCOATED METALS UNDER ZERO-GRAVITY POOL BOILING 

( a l g  = 0.004) 

Time, 
seconds 

60 

150 

600 

Location 

Backside s u r f a c e  

Wetted su r f ace  

AT 

Backside s u r f a c e  

Wetted s u r f a c e  

AT 

Backside su r f ace  

Wetted su r f ace  

AT 

Metal and Temperature, F 

K-monel 

4 3 

3 5 

18 

- 1 2  

- 30 

18 

-240 

-258 

10 

Tens-50 
Aluminum 

30 

2 8 

2 

-55 

-63 

5 

-335 

-338 

3 

Titanium 

2 8 

- 2 

3 0 

-45 

-73 

2 8 

-351 

-366 

15 



TABLE 6 

CObIPAR ISON OF THE WETTED SURFACE AND THE BACKS I DE TEMPERATURES 

OF THE UNCOATED METALS UNDER FORCED CONVECTION 

(G = 2 l b / i n .  2-sec)  

Time, 
seconds 

10 

2 0 

3 0 

4 3 

75 

Location 

Backside s u r f a c e  

Wetted s u r f a c e  

AT 

Backside s u r f a c e  

Wetted s u r f a c e  

AT 

Backside s u r f a c e  

Wetted su r f ace  

AT 

Backside s u r f a c e  

Wetted s u r f a c e  

AT 

B a c k s i d e s u r f a c e  

Wetted su r f ace  

AT 

F 

K-monel 

6 8 

-236 

168 

-50 

-270 

220 

-130 

-270 

140 

-235 

- 355 

120 

-356 

-402 

46 

Fletal and 

Tens-50 
Aluminum 

-138 

-183 

45 

-282 

-320 

3 8 

-367 

-400 

33 

-420 

-4 19 

1 

-422 

-422 

0 

Temperature, 

Titanium 

4 6 

-294 

340 

- 30 

-339 

309 

-103 

-361 

258 

- 170 

-380 

210 

-317 

-420 

103 



I I : COATED FEED SYSTEMS 

The e f f e c t  of coa t ings  on the  cooldown time of var ious  m a t e r i a l s  was inves-  

t i g a t e d  i n  t h i s  t a s k ,  and coa t ing  techniques f o r  both convent ional ly appl ied  

polymeric ma te r i a l s  and plasma spray coa t ings  were developed. The eva lua t ion  

and development of these  coa t ings ,  inc lxding  thermal and f l e x u r a l  t e s t s ,  were 

conducted using coated Tens-5 aluminum and t i tan ium specimens. The most 

promising coat ings were then appl ied t o  p a r t s  of t h e  Mark 29 LII turbopump, 
2 

and h o t - f i r e  t e s t s  were conducted i n  LH The coated pump p a r t s  were r e -  
2 ' 

viewed and t h e  r e s u l t s  of t hese  t e s t s  a r e  included i n  t h i s  s ec t ion .  

CHI LLDOWN OF COATED MATERIALS 

Thin l a y e r s  of var ious  coa t ings  have been appl ied  t o  t h e  su r f ace  of metals  

by numerous i n v e s t i g a t o r s  and cooldown times of those specimens f o r  both 

coated and uncoated metals  have been experimental ly  determined i n  LH2 and 

LN2. These i n v e s t i g a t o r s  (Ref. 9 through 1 2 )  have shown t h a t  cooldown 

times may be appreciably reduced when a  t h i n  l a y e r  of very low thermal 

conduct iv i ty  m a t e r i a l  i s  appl ied  t o  t h e  metal  being cooled. This r educ t ion  

i n  cooldown time was t h e  r e s u l t  of enhancement of hea t  t r a n s f e r  c o e f f i c i e n t  

brought about by t h e  coat ing.  The t h i n  l a y e r  of coa t ing  permits  a  temperature 

g rad ien t  t o  be s e t  up between the  o u t e r  coa t ing  s u r f a c e  c l o s e r  t o  t h e  c r i t i c a l  

AT of nuc lea t e  b o i l i n g  during t h e  cooldown. Because t h e  hea t  t r a n s f e r  coef-  

f i c i e n t  i s  h ighes t  during nuc lea t e  b o i l i n g ,  t h e  cooldown t ime of t h e  coated 

metal was, t h e r e f o r e ,  lower than  the  uncoated metal.  Reference 9 shows t h a t  

t h e  cooldown time of a  vase l ine-coa ted  (-0.10-millimeter t h i c k )  cy l inde r  

reduced t h e  uncoated cooldown time by 1/4. Reference 9 a l s o  shows t h a t  

t he  coa t ing  th ickness  i s  important i n  reducing t h e  cooldown t ime,  and t h a t  

t h e r e  was an optimum coat ing  th ickness  beyond which t h e  cooldown time was 

not  decreased .* 

The hea t  f l u x  between t h e  coa t ing  su r f ace  and the  f l u i d  ad jacent  t o  it i s  

descr ibed  i n  t he  equat ion below: 

Q/A = 
Tsurface  - Tb 

*Also Ref.  



I f  one assumes ( t / k  ) t o  be  small  i n  comparison t o  o the r  r e s i s t a n c e s ,  then 
m 

T 
Q/A = s u r f a c e - T b  

( t / k )  coat ing 
+ 1/11 

For t he  pool b o i l i n g  condi t ion ,  l /h  i s  l a rge  i n  t h e  f i lm-boi l ing  region 

(2.56 x 10' ~ t u / i n . ~ - s e c - F )  and smal l  i n  nuc lea t e  b o i l i n g  reg ion  (189 
2 Btu/ in .  -sec-F) .  Therefore,  t h e  r e s i s t a n c e  of a  0.010-inch coa t ing  (1  x 10 4 

2 Btu/in.  -sec) w i l l  be  c o n t r o l l i n g  when ht/l:c > 1.0 (Ref. 13 )  during 

nuc lea te  boi  l ing .  

The forced  convection h e a t  t r a n s f e r  with f i lm  b o i l i n g  can be s u b s t a n t i a l l y  

h ighe r  than pool f i l m  b o i l i n g ,  b u t  lower than  t h a t  obtained during pool 

nuc lea te  b o i l i n g .  I f ,  throughout the  chilldown t ime,  t h e  r e s i s t a n c e  due 

t o  t he  coa t ing  i s  l a r g e r  than the  f lu id - to -wa l l  r e s i s t a n c e  without t h e  

coat ing,  t he  add i t i on  of a  coat ing w i l l  r e s u l t  i n  a  s lower cooling. A 

s h o r t e r  cooldown time can be obtained i f :  

h t c  - < 1.0 Kc 

wliere i s  d i e  h e a t  t r a n s f e r  c o e f f i c i e n t  ob ta ined  without coat ings f o r  a  

major p o r t i o n  o f  t he  cooldown time (Ref. 1 3 ) .  This s tudy ,  however, i s  

not  concerned with the  reduced cooldown t ime of the  e n t i r e  mass of t h e  

pump components b u t ,  r a t h e r ,  with the  reduced cooldown time of t h e  wet ted  

su r f aces .  That i s ,  the  f a s t e r  (within seconds) the  su r f aces  of t he  impe l l e r ,  

pump casing,  e t c .  , can be c h i l l e d ,  t h e  sooner  the  pump can b e  s t a r t e d .  Con- 

sequent ly ,  t h e  s u r f a c e  temperature was of  concern i n  t h i s  s tudy,  provided 

t h a t  t h e  very r a p i d  chilldown of the  metal s u r f a c e  (while thermal s t r e s s e s  

caused by a t  o r  n e a r  the  i n i t i a l  temperature)  was de t r imen ta l ,  e i t h e r  the  

sur face  must be c h i l l e d  slowly (use of coa t ing  w i l l  accomplish t h i s )  o r  

a  d i f f e r e n t  metal chilldown r a t e ,  o r  design,  must be s e l e c t e d .  



Fur ther  experimental  s tudy needs t o  be performed using LN and LH2 coolan ts  
2 

f o r  chilldown wi th  t h i n  i n s u l a t i n g  coat ings (0.010 inch) .  Typical  d a t a ,  

as shown i n  Fig. 19 from Ref. 13 f o r  p l a t e  LH2 cooldown under uni ty-g  pool 

b o i l i n g  condi t ions ,  i n d i c a t e  t h a t  the  presence of t he  coa t ing  can poss ib ly  

a l t e r  t h e  t r a n s i t i o n  po in t  ( s a tu ra t ion - to -wa l l  temperature d i f f e r ence )  where 

t h e  onse t  of nuc lea t e  b o i l i n g  occurs.  However, d a t a  cannot be der ived  from 

the  s i n g l e  t.hermoco~iple measurement taken i n  t h e  p l a t e  cen te r  (not  a t  t h e  

coa t ing  s u r f a c e ) .  A recent  Russian a r t i c l e  (Ref. 14) i n d i c a t e s  t h a t ,  f o r  

LN chilldown wi th  coated s u r f a c e s ,  t h e  presence of  a  Teflon coa t ing  can 2  
a l t e r  t h e  nuc lea t e  b o i l i n g  onse t  by as  much as  130 R (with LN ) e a r l i e r .  

2 
(However, d e t a i l s  o f  the  measurement and d a t a  a r e  n o t  provided.) The e f f e c t  

of an e a r l i e r  t r a n s i t i o n  t o  nuc lea t e  b o i l i n g  w i l l  be t o  shor ten  the  chilldown 

times ove r  t h a t  shown i n  the  cu r r en t  work i n  t h e  s u r f a c e  temperature range 

of -350 t o  -423 F. For LH2 cooldown, i t  is  expected t h a t  t h e  onse t  o f  nuc lea t e  

b o i l i n g  should no t  occur a t  g r e a t e r  than a  AT = 75 R wa l l - t o - sa tu ra t ion  tem- 

p e r a t u r e  d i f f e r e n c e  under any su r f ace  condi t ion .  The e f f e c t  of an onse t  of 

nuc lea t e  b o i l i n g  a t  t h i s  e a r l i e r  p o i n t  with a  coa t ing ,  however, should a l t e r  

t he  a n a l y t i c a l  r e s u l t s  o f  t h i s  s tudy ,  p a r t i c u l a r l y  i n  cases where th ick-wal l  

s e c t i o n s  a r e  used and where reduct ion  of t h e  s u r f a c e  temperature from -350 F  

appears d i f f i c u l t  because of  a  low f i lm-boi  l ing.  h e a t  t r a n s f e r  c o e f f i c i e n t  

appl ied .  

I t  i s  recommended t h a t  f u r t h e r  d e f i n i t i o n  of t h e  LN and LII hea t  t r a n s f e r  
2 2  

c o e f f i c i e n t  i n  t he  range of f i l m  t o  nuc lea t e  b o i l i n g  be  provided f o r  Kel-F 

o r  Teflon-coated su r f aces  t o  v e r i f y  both the  peak nuc lea t e  b o i l i n g  va lues  

and temperature-difference (AT) range of a p p l i c a b i l i t y .  

The choice of a  coa t ing ,  i n  addi t ion  t o  i t s  very low thermal conduc t iv i ty ,  

depends on t h e  a v a i l a b i l i t y ,  ease  of a p p l i c a t i o n  and, most important ,  dura- 

b i l i t y .  The coa t ing  ma te r i a l  must be capable of undergoing many chilldown 

cycles  wi thout  cracking,  pee l i n g ,  ch ipp ing ,  o r  becoming damaged. 

For t h e  purpose of t h i s  a n a l y t i c a l  s tudy ,  a  KX635 coa t ing  appl ied t o  t h e  

su r f aces  of Tens-50 A l ,  t i t an ium,  and K-monel was analyzed. A simple model 





i s  shown i n  Fig. 20. The da t a  f o r  t h i s  model were made input  t o  the  thermal 

ana lyzer  program. The s p e c i f i c  hea t s  and t h e  thermal conduc t iv i t i e s  of t h e  

metals and tlie coat ing were given i n  t a b u l a r  form as  a  func t ion  of tempera- 

t u r e .  The hydrogen h e a t  t r a n s f e r  c o e f f i c i e n t s  were assumed t o  be t h e  same 

as in  the  noncoated cases .  A t  f i r s t ,  a  coat ing th ickness  of 0.020 inch was 

s t u d i e d  and the r e s u l t s  a r e  p l o t t e d  i n  Fig. 12 through 15 wi th  the  r e s u l t s  

of the  uncoated cases .  

Figure 1 2  shows the  s u r f a c e  temperature of t he  coated and the  uncoated metals  

under a  zero-g condit ion.  I t  can be seen t h a t  the  s u r f a c e  temperature o f  

t h e  coa t ing  decreased very r ap id ly  wi th in  the  f i r s t  few seconds. Tfie s l o p e  

of the  cool ing curve then changes and the  su r f ace  temperature decreased a t  

a  much slower r a t e  than a t  t h e  beginning of t he  chilldown. Eventua l ly ,  the  

cooldown curves of t h e  coated metals  cross  the  cool ing curves of t h e  uncoated 

metals .  This i nd ica t ed  t h a t ,  f o r  a  0.020-inch-thick. coa t ing ,  under zero-g 

cond i t i ons ,  t he re  was a  time pe r iod  where t h e  s u r f a c e  temperature below which 

coa t ings  a r e  of no va lue  i n  reducing the chilldown time. For example, the 

cool ing curves of t h e  uncoated and coated t i t an ium crosses  a t  -500 seconds 

from t h e  s t a r t  o f  t h e  chilldown. The su r f ace  temperature corresponding t o  

t h i s  time per iod  was --307 F. Therefore,  f ron  the s t andpo in t  of s u r f a c e  

chi I ldown time reduct ion ,  the 0.020-inch l aye r  o f  coa t ing  was benef i  c i a 1  

f o r  times l e s s  than 500 seconds (where the  su r f ace  temperature i s  -307 F ) .  

A coat ing can b e  b e n e f i c i a l  r ega rd l e s s  of the  decrease o r  i nc rease  i n  c h i l l -  

down time. A coa t ing  was of  g r e a t  he lp  i n  reducing the  thermal g rad ien t s  i n  

t h e  base  metal where l a r g e  thermal g rad ien t s  may cause high thermal s t r e s s e s .  

As the  hea t  t r a n s f e r  c o e f f i c i e n t  was increased ,  the  s u r f a c e  t enpe ra tu re  cool- 

down time of both. uncoated and coated metal  decreased. This e f f e c t  can be  

seen i n  Fig. 13 f o r  pool  b o i l i n g  under a  uni ty-g condit ion.  This f i g u r e  

shows t h a t  the  chilldown curves f o r  coated and uncoated t i t an ium cross  a t  

a  su r f ace  temperature of --345 F. The time t o  achieve t h i s  temperature was 

-155 seconds, which was much lower than t h a t  f o r  t h e  zero-g condi t ion  (500 

seconds) discussed e a r l i e r .  A f u r t h e r  i nc rease  of t he  hea t  t r a n s f e r  coef- 

f i c i e n t  tended t o  fo rce  t h e  c ross ing  of the  su r f ace  temperature cool ing 
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Figure 20. Simple Model of  Coated Metal Showing Nodal Breakdown f o r  Chilldown Study 



curves t o  occur  both a t  a  lower temperature and a t  a  reduced c o o l d o ~ ~ n  time 

f o r  coated and uncoated metals .  This phenomenon becones nore prominent 

under forced  convection condit ions.  For example, Fig. 14 i n d i c a t e s  t h a t  

t he  two curves f o r  t i t an ium cross  a t  a  s u r f a c e  temperature --390 F a f t e r  

a  chi  lldown time of approximately 58 seconds. 

Figure 15 shows t h a t  the  cool ing curves f o r  coated and uncoated 1;-none1 and 

t i t an ium do no t  c ros s ,  i n d i c a t i n g  t h a t  a  0.020-inch-thick coat ing was bene- 

f i c i a l  i n  reducing the su r f ace  temperature ch i1  ldown time f o r  t h e  e n t i r e  

temperature range. For example, the  su r f ace  temperature of coated and un- 

coated K-monel decreased t o  -410 F i n  51  and 66 seconds, r e spec t ive ly .  

However, t h e  cool ing curves f o r  coated and uncoated aluminum s t i  11 cross  

a t  a  s u r f a c e  temperature of --430 F i n  approximately 21 seconds. 

To eva lua t e  t he  e f f e c t  of coat ing thickness  on the  chilldown t i n e ,  coa t ing  

th icknesses  of  -0.005, 0.010, and 0.050 inch a l s o  were s e l e c t e d ,  and t h e  

a n a l y t i c a l  cooldowns were s t u d i e d  f o r  t i t an ium only. The r e s u l t s  a r e  p l o t t e d  

i n  Fig. 2 1  through 24 f o r  zero g,  m i t , g  forced  convection a t  a  G equal  t o  
2 

2 and 5 lb / in . - s ec ,  r e spec t ive ly .  Tllese f i gu res  r evea l  t h a t  low h e a t  t r ans -  

f e r  c o e f f i c i e n t s  ( e s p e c i a l l y  under pool b o i l i n g  condit ions)  and t h e  cool ing 

curves of var ious  coa t ing  th icknesses  c ross  each o ther .  As  the  coa t ing  

th ickness  increased ,  t h e  su r f ace  temperature decreased f a s t e r  i n i t i a l l y ,  

bu t  t h e  time t o  achieve a f i n a l  temperature of --410 F increased .  The 

r e l a t i o n s h i p  between the  coa t ing  th ickness  and t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

must be  s a t i s f i e d  i f  a  coa t ing  i s  t o  reduce t h e  chilldown time of  t h e  e n t i r e  

body o f  t he  metal being c h i l l e d .  Again, t h i s  r e l a t i o n s h i p  i s  shown a s :  

As t he  coat ing t h i  ckness i nc reased ,  t h e  i n e q u a l i t y  above can be  reversed  

t o  become: 
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Basic Eletal Titanium 
Metal Thickness,  inch 0. 50 
I n i t i a l  Temp. of Fletal, 

0 

Fo 70 
I n i t i a l  Temp. of  Coating, F 7 0  
Hydrogen Temperature, O F  -423 
Coating Mater ia l  LX 735 
Gravi ty  Fac tor ,  a /g  1.0 

Chilldorvn Time - Seconds 

Figure 22. Titanium Netted Surface Temperature vs Chilldown Time f o r  
Hydrogen Pool Boi l ing Condition a t  Unity Gravi ty  



Chilldown Time - Seconds 

Figure 23 .  Titanium Wetted Surface  Temperature vs ChilJdown Time For 
Forced Convection Condition of  G = 2 I b s / i n  - sec  



Basic Metal Thickness, inch  0.50 
I n i t i a l  Temp. o f  Metal,   OF^ 
I n i t i a l  Temp. o f  Coating, F 70 
Hydrogen Temperature, OF 

Coating Mater ia l  

Chilldown Time - Seconds 

F i g m e  24.  Titaanium Wetted Surfaee Temperature V s  Cililldow Time 9 
F o r  Forced Convection Condition o f  G = 5 l b s / i n  - sec  



Mien t h i s  occurs ,  t he  r e s i s t a n c e  due t o  t h e  coa t ing  will be the  c o n t r o l l i n g  

f a c t o r  and an inc rease  i n  chilldown time will take  p l ace .  I f ,  throughout 

t he  cooldorm, the  r e s i s t a n c e  due t o  t he  coa t ing  i s  l a r g e r  than t h e  f l u i d -  

to-wall  r e s i s t a n c e  without  coa t ing ,  t h e  add i t i on  of a  coat ing w i l l  r e s u l t  

i n  a  s lower cooling (Ref. 13). Between a  AT of 500 and 13 R ,  the  average 
2  

h e a t  t r a n s f e r  c o e f f i c i e n t  i s  -0.000088 Rtu/in.  -sec-F f o r  pool b o i l i n g  under 

zero-g condi t ion .  Therefore,  t h e  r e s i s t a n c e  of t he  f l u i d  boundary l a y e r  
4  2 

was -1.135 x 10 Btu/ in.  -sec-F. The r e s i s t a n c e s  of t h e  coat ing a t  an average 

thermal conduct iv i ty  of 1 .4  x Btu/in.-sec-F f o r  var ious  th icknesses  a r e  

as follows : 

Resistance,  
Coating Thickness, 

inch 
2 Btu/ in .  -sec-F 

0.002 0.143 x 10 4 

0.005 0.715 x , l o  
4  

0.010 1.430 x  10 4  

0.020 2.860 x 10 
4  

0.050 7.150 x 10 4  

Therefore,  a  0.010-inch coat ing has h ighe r  r e s i s t a n c e  than t h e  average h e a t  

t r a n s f e r  c o e f f i c i e n t .  Consequently , f o r  coat ing th icknesses  above 0.0 10 

inch,  t h e  th ickness  was d e f i n i t e l y  the  c o n t r o l l i n g  f a c t o r .  Thus, t h e  c h i l l -  

down time o f  the  e n t i r e  body increased  as coa t ing  th ickness  was increased .  

Reference 9 has shown t h e  e f f e c t  of coa t ing  on t h e  cooldown time. The 

r e s u l t s  o f  t he  experiments i n  Ref. 10 ind ica t ed  t h a t ,  as the  coat ing th i ck -  

ness  increased  from zero t o  optimwn th ickness ,  t h e  cooldown t i n e  reached 

a  minimum. Any th ickness  above t h i s  optimum th ickness  r a i s e d  t h e  cooldown 

time. A coat ing th ickness  of 0.005 inch reduced t h e  chilldown time of  t h e  

su r f ace  temperature and t h e  chi lldown time of t h e  e n t i r e  t i t an ium segment. 

Figure 2 1  sliows t h a t  t h e  cooling curve of the  0.005-inch, coated t i t a n i u m  

was ( a t  a l l  t imes)  lower than t h a t  of the  uncoated case f o r  t i t an ium.  This 

i n d i c a t e s  t h a t  t he  e n t i r e  body of the  specimen was c h i l l e d  f a s t e r  when 

0.005 inch of K X  635 was appl ied  t o  i t s  su r f ace .  



Figure 25 i s  a  p l o t  of t h e  time r equ i r ed  t o  achieve a  su r f ace  temperature 

of -400 and -300 F a s  a  func t ion  of coat ing th ickness .  I t  can be seen 

t h a t ,  f o r  pool  b o i l i n g  condi t ion ,  an optimum coat ing  th ickness  (-0.005 

inch)  e x i s t s .  The minimum chilldown time was obta ined  a t  t hese  optimum 

coat ing  th icknesses  . However, a t  h ighe r  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  t h e  

e f f e c t  of  t h e  coa t ing  was a  s l i g h t  i nc rease  followed by a  sharp  decrease 
2 

i n  the  cooldown time o f  t h e  su r f ace  temperature f o r  a  G o f  2  and 5 lb / in . - sec .  

Again, as  t he  h e a t  t r a n s f e r  c o e f f i c i e n t  increased ,  t h e  chilldown time o f  

t h e  coated and uncoated t i t an ium decreased and the  cool ing curves crossed 

a t  e a r l i e r  chilldown time. Figure 22 shows, f o r  example, t h a t  0.005- and 

0.05-inch coa t ings  have the  same cooldown times f o r  a  su r f ace  temperature 

of --392 F. This i s  obvious from Fig. 2 2  f o r  t h e  pool  b o i l i n g  condi t ion  

where an optimum coat ing  thickness  was ind ica t ed .  For Torced convection 

condi t ions  wi th  f a i r l y  high h e a t  t r a n s f e r  c o e f f i c i e n t s ,  t h e  c o n t r o l l i n g  

r e s i s t a n c e  was due t o  t he  coa t ing ,  and t h e  chilldown time of  the e n t i r e  

body w i l l  i nc rease .  Although the  s u r f a c e  temperature decreased much f a s t e r  

a t  t he  s t a r t  of t h e  cool ing,  the f i n a l  temperature of  --410 F cannot b e  

achieved quick ly  wi th  0.010- o r  0.020-inch coat ings.  Figure 16 shows t h e  

temperature e f f e c t s  of  t h e  su r f ace  and back-side temperature of  t he  base  

metal  with a  0.005-inch coating. I t  can be  seen t h a t  tlle metal  s u r f a c e  and 

back-side temperatures of  the  coated metal  a r e  h igher  than t h a t  of  the  un- 

coated meta l .  Figure 24 is  s i m i l a r  t o  F ig .  22 except  t h a t ,  because of t h e  

h ighe r  hydrogen mass v e l o c i t y ,  t h e  chilldown times a r e  s h o r t e r  f o r  bo th  

coated and uncoated t i t an ium.  Figure 24 i n d i c a t e s  t h a t  the  s u r f a c e  tem- 

pe ra tu re  of the  coa t ing  decreased t o  -410 F i n  -3 and 48 seconds f o r  a  

coa t ing  th i ckness  of 0.05 and 0.020 inch ,  r e spec t ive ly .  

Coating Ef fec t s  

From the  r e s u l t s  of t he  coated and uncoated analyses discussed p rev ious ly ,  

i t  may b e  concluded t h a t  coat ings have a  d i s t i n c t  advantage i n  e l imina t ing  

the  thermal s t r e s s  problems during a  f a s t  c l i i l l .  An uncoated t i t an ium p a r t  
2 

being c h i l l e d  a t  a  mass f l ux  of -2 l b / i n . - s e c  has a  temperature d i s t r i b u t i o n  



Coating Thickness - Inch 

Figure 25. Titanium Chilldown Time vs Coat ing Tllickness 



as shown i n  Fig. 16, The maximum thermal g rad ien t  o f  -320 F occurred a t  

-10 seconds a f t e r  chilldown, whereas t he  thermal g rad ien t  f o r  a  0.020-inch, 
L 

K X  635 coated t i t an ium being c h i l l e d  a t  mass f l u x  of 2 l b / in . - s ec  was -30 F, 

as  shown i n  Fig. 26. Also, t he  obvious advantage of coa t ings  was t h e  reduc- 

t i o n  i n  chilldown t ime,  p a r t i c u l a r l y  under forced  convection. The s u r f a c e  

temperature o f  the coa t ing  decreased f a s t e r  than the  uncoated case,  and r e -  

s u l t s  i n  a  lower h e a t  f l u x  and hydrogen p r o p e l l a n t  vapor i za t ion ,  which may 

permi t  e a r l i e r  pump s t a r t u p .  

S e l e c t i o n  of Coating Thickness 

The s e l e c t i o n  of t h e  coa t ing  th ickness  would b e  r e l a t i v e l y  s imple i f  i t  were 

n o t  f o r  t h e  changes i n  t h e  chilldown condit ions.  If t h e  chilldown of t he  

pump takes p l ace  e i t h e r  under t h e  worst  (pool b o i l i n g  under zero  g) o r  b e s t  

chilldown condit ions ( forced  convection a t  high g v a l u e ) ,  then  one coa t ing  

th ickness  could be s e l e c t e d .  However, the  coa t ing  th ickness  must be  s e l e c t e d  

t o  meet t h e  p red ic t ed  system c h i l  ldown condit ioning requirements.  A t h i n  

coa t ing  (0.005 inch)  f i l m  was advantageous f o r  zero-g and un i t -g  pool  b o i l -  

i n g  condi t ions  f o r  s u r f a c e  c h i l  1 temperatures t o  ---400 F, Thicker coa t ings  

(-0.030 t o  0.050 inch)  become more advantageous f o r  c h i l  ldown under fo rced  

convection. By r e f e r r i n g  t o  Fig. 25 , it can be  seen t h a t  a  0.005-inch coat-  

i n g  causes a  reduct ion  i n  the  chilldown time under zero-g condi t ions  and 

has  no e f f e c t  under forced  convection f o r  t he  a t ta inment  o f  a  su r f ace  tem- 

p e r a t u r e  of --400 F. Under tank-head s t a r t ,  t he  hydrogen mass f l u x  i s  low 
2 (-1 lb/ in .-sec,  Fig. 146 of  Ref. 7 ) ,  and t h e  coa t ing  e f f e c t  on t h e  chilldown 

time was almost n i l .  The re fo re , - i t  would be b e n e f i c i a l  t o  choose a  coa t ing  

th ickness  t h a t  would be e f f e c t i v e  i n  t h e  pool  b o i l i n g  region under zero-g 

which was -0.005 inch.  Therefore,  a  r ep re sen ta t ive  p a r t  of Mark 29 LH 2 
pump was coated with var ious  th icknesses  (from 0.0002 t o  0.010 inch)  o f  KX 

635 and c h i l l e d  i n  LH under zero-g condi t ions  t o  determine a n a l y t i c a l l y  
2 

optimum coat ing  th ickness  and t h e  a c t u a l  chilldown time reduct ions  ob- 

t a i n e d .  I f  t h e  chilldown time of  a  t h i n l y  coated pump can be reduced 

t o  114 of  i t s  value f o r  t h e  uncoated case (as  shown by Ref.  9), t h e  ex- 

pec ted  chilldown t ime f o r  a  t i t an ium pump can be -167 seconds under t h e  

zero-g pool  b o i l i n g  condi t ion .  



Mate r i a l  Thickness 
I n i t i a l  Temperature of Mater ia l s  F 70 

Figure 2 6 .  Temperature vs Chilldown Time f o r  KX 635-Coated Titanium Under 
Forced Convection Condition ( G  = 2 ~ b s / ~ n .  -Second) 



Reference 15 has  shown t h a t  a  0 .0003- inch,  Tef lon-coa ted ,  s t a i n l e s s - s t e e l  

p l a t e  h a s  a much h i g h e r  chi l ldown h e a t  f l u x  than an uncoa ted  p l a t e .  

Pumping C a p a b i l i t y  

During eng ine  s t a r t  w i t h  a w a r m  i n l e t  l i n e  and pump, v a p o r i z a t i o n  o f  t h e  

hydrogen may occur  because  o f  c a v i t a t i o n  on t h e  low-pressure  r e g i o n s  o f  

t h e  pump flow passages  and h e a t  t r a n s f e r  from t h e  warm i n l e t  d u c t  and t h e  

pump i t s e l f .  However, t h e  major  p o r t i o n  of t h e  v a p o r i z a t i o n  was caused by 

t h e  h e a t  t r a n s f e r  from t h e  warm s u r f a c e s  t o  t h e  co ld  hydrogen. LI12 pumps 

s i m i l a r  t o  t h e  !dark 29 a r e  capab le  o f  pumping l i q u i d  hydrogen c o n t a i n i n g  

vapor o f  approximately  1 p e r c e n t  by weight  (-20 p e r c e n t  by volume),  depend- 

i n g  on t h e  hydrogen i n l e t  p r e s s u r e .  There fore ,  a n a l y t i c a l  s t u d i e s  were made 

t o  i n v e s t i g a t e  t h e  c o n d i t i o n s  c o n t r o l  l i n g  t h e  i n l e t  q u a l i t y  o f  hydrogen dur -  

i n g  a warm s t a r t .  F i r s t ,  t h e  maximum t o l e r a b l e  h e a t  f l u x e s  were computed 

f o r  I - .  3 - ,  and 5 -percen t  vapor  by weigh t  (approximately  20, 45, and 55 

p e r c e n t  vapor  by volume a t  30 p s i a )  by t h e  f o l l o w i n g  e q u a t i o n :  

Div id ing  E q .  14 by t h e  h e a t  t r a n s f e r  s u r f a c e :  

W 2- A = ( T  - T,) + X HV] 

S S 

where Q/As i s  t h e  h e a t  f l u x  r a t e .  I h l t i p l y i n g  and d i v i d i n g  t h e  r i g h t - h a n d  

s i d e  o f  E q .  15 by t h e  flow c r o s s - - s e c t i o n a l  a r e a :  

b u t  



and 

*C - - hydrogen flow area  

As h e a t  t r a n s f e r  su r f ace  a rea  ' 

t he re fo re ,  the  f i n a l  equat ion becomes : 

Equation 17 was so lved  f o r  subcooled and s a t u r a t e d  hydrogen condit ions t o  

determine the  maximum t o l e r a b l e  h e a t  f l uxes .  For a s a t u r a t e d  LHZ condi t ion ,  

the term c (T - T ) becomes zero. 
P 2  1 

The r e s u l t s  of Eq.17 were p l o t t e d  i n  Fig. 27 and 2 8  as h e a t  f l u x  versus  

mass f l u x  f o r  two va lues  of  Ac/As. One va lue  r ep re sen t s  t he  f i r s t  row of 

t h e  inducer  b l a d e s ,  and t h e  o the r  s imula tes  t h e  e n t i r e  pump flow passages.  

Next, t h e  r e s u l t s  of chilldown ana lys i s  from the  thermal analyzer  program 

were p l o t t e d  a s  h e a t  f l u x  versus wetted su r f ace  temperature f o r  coated and 

uncoated Tens-SO aluminum. The chilldown times a r e  c ross  - p l o t t e d  i n  Fig. 

29 through 31. 

These f i g u r e s  show t h a t  t h e  h e a t  f l u x  decreases  s lowly a t  f i r s t  as  t he  

wetted su r f ace  temperature decreased under pool  b o i l i n g .  This is  t h e  re -  

gion of f i lm b o i l i n g  where t h e  hea t  t r a n s f e r  c o e f f i c i e n t  is  low. As  t h e  

wa l l  temperature dropped, t he  h e a t  t r a n s f e r  c o e f f i c i e n t  ro se  slowly; t he re -  

fo re ,  t h e  h e a t  f l u x  decreased with a g e n t l e  s lope .  A t  AT of -17.5 R ,  t he  

h e a t ' t r a n s f e r  c o e f f i c i e n t  began t o  r i s e  sharp ly  (Fig. l l ) ,  which r e s u l t e d  

i n  a f a s t e r  r educ t ion  of the  su r f ace  temperature. However, t he  r i s e  i n  

t h e  l ieat  t r a n s f e r  c o e f f i c i e n t  was s o  f a s t  t h a t ,  although t h e  AT i s  very 

smal l ,  t he  h e a t  f l u x  began t o  r i s e  a t  a wet ted su r f ace  temperature of 

--404 F). Figure 11 shows t h a t ,  f o r  a AT of 19 R ( a  wa l l  temperature of 

-404 F) , t he  h e a t  ' t r ans fe r  c o e f f i c i e n t  was -0.000047 ~ t u / i n ? - s e c - F ,  which 
L 

r e s u l t s  i n  a h e a t  f l u x  of -0.000894 Btu/in.-sec. Conversely, a t  a AT of 



Figure 27. Heat F l u x v s  Mass Flux f o r  Mark - 29 LH2 - Pump 
a t  Sa tu ra t ed  kiyarogen Condit ion 



Figure 28. Heat Flux vs Mass Flux f o r  Mark - 29 LH2 Pump a t  8.5 F Subcooled 
Hydrogen 
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Figure 29, Heat Flux vs Wetted Surface Temperature f o r  an Uncoated 
Titanium LH Pump 
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Figure 30. Heat Flux vs Wetted Surface Temperature f o r  a Coated 
Titanium tH2 Pump 
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Figne 31, Heat Flux vs Wetted Surface Temperature f o r  an Uncoated 
Aluminum LH2 - Pump 



3 R ( a  wal l  temperature of -420 F),  the  h e a t  t r a n s f e r  c o e f f i c i e n t  was 
2 -0.00189 Btu/in.-sec-F, which r e s u l t e d  i n  a h e a t  f l u x  (Q/A = hAT) of 
2 

-0.00567 Btu/in.-sec. For t h i s  reason,  the  r a p i d  inc reases  of  t h e  h e a t  

f luxes  occur below a wa l l  temperature of  "-40 F (Fig. 29 through 31) . 
Figures 27 through 31 can be  u t i l i z e d  t o  determine the  requi red  s u r f a c e  

temperatures of t h e  var ious  p a r t s  o f  t he  pump p r i o r  t o  pump s t a r t .  

2 
For example, a t  a s a t u r a t e d  hydrogen mass f l u x  o f  2 lb / in . - sec ,  f o r  a 1 

percent  by weight vapor condi t ion ,  Fig. 27 shows t h a t  t h e  h e a t  f l u x  was 
2 -0.325 Btu/ in.-sec f o r  A ~ / A ;  = 0.085. Using t h i s  h e a t  f l u x  i n  conjunct ion 

with Fig. 29 ( f o r  uncoated t i t a n i u m ) ,  t h e  wetted s u r f a c e  temperature of 

t h e  duct  must b e  -70 F o r  co lder  f o r  t h e  pump t o  s t a r t  p roper ly .  Figure 

29 a l s o  shows t h a t  a chilldown time o f  -1.5 seconds was requi red .  Because 
2 

the  inducer  flow c ros s - sec t iona l  a r e a  was -4.91 i n . ,  t he  minimum hydrogen 

r equ i r ed  was -14.7 l b  t o  lower t h e  su r f ace  temperature of t h e  inducer  t o  

--70 F. However, t h e  main p a r t  of t he  pump was s t i l l  warm, and a pump 

s t a r t  may n o t  b e  poss ib l e .  

2 Again us ing  subcooled hydrogen a t  a mass f l u x  of -0.3 lb / in . - sec ,  Fig. 

i nd ica t ed  a h e a t  f l u x  o f  -0.0225 ~ t u / i n ? - s e c  f o r  Ac/A = 0.0025 ( e n t i r e  s 
pump). Referr ing t o  Fig. 29, a f t e r  some i n t e r p o l a t i o n ,  one can f i n d  an 

approximate s u r f  ace temperature of ---370 F. The r equ i r ed  chi lldown t ime 

a l s o  was est imated t o  be  60 seconds; t he re fo re ,  t h e  minimum requ i r ed  

hydrogen i s  -88.5 pounds. This i s  i n  f a i r  agreement with the r e s u l t s  of 

t e s t  No. 16 made with engine I11 (Fig. 147 of  Ref. 7 ), and i n d i c a t e d  t h a t  

i n  30 seconds, -100 pounds of hydrogen flowed through t h e  pump. However, 

a t  the  s t a r t  o f  t he  t e s t ,  t h i s  hydrogen contained a g r e a t  dea l  of vapor 

(Fig. 145 o f  Ref. 7 )  t h a t  en tered  t h e  pump. The hydrogen q u a l i t y  dropped 

i n  30 seconds t o  -25 pe rcen t  by volume, which was t h e  maximum expected f o r  

pump operat ion.  In  t h e  p re sen t  analyses ,  it was assumed t h a t  s a t u r a t e d  

LHZ e n t e r s  the pump and t h e  vapor iza t ion  takes p l ace  i n  t h e  pump i t s e l f .  

Therefore,  it i s  p l  aus i b  l e  t h a t  t he  minimum hydrogen requirement should  b e  

l e s s  than 88.5 pounds, compared t o  100 pounds from t e s t  I11 of  Ref. 7 .  



The use of Fig. 27 i nd i ca t ed  t h a t ,  when s a t u r a t e d  hydrogen en tered  t h e  pump 
2 

a t  a mass f l u x  of 2 l b / i n . - s e c  ( f o r  1-percent  q u a l i t y  by weight and A /A = 
2 

C S 

0.085),  t h e  naximum t o l e r a b l e  hea t  f l u x  was 0.325 Btu/ in.-sec.  Figure 27 

shows t h a t  t h i s  h e a t  f l u x  was assoc ia ted  with an approximate coa t ing  su r f ace  

temperature of --70 F. The chilldown time was l e s s  than 1 second and, t he rc -  

f o r e ,  the  minimum hydrogen requirement was l e s s  than 10 pounds based on t h e  

inducer  chi 1 ldown time alone. 

I t  should be noted t h a t  t h e  hea t  f l ux  curves of Fig. 29 through 51 I r e  ex- 

a c t l y  t h e  same because t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a funct ion of AT, 

and llydrogen temperature was cons tan t ,  and t h e  h e a t  f l u x  f o r  a given wet ted  

su r f ace  temperature was exac t ly  the  same f o r  coated and uncoated metal .  The 

d i f f e r ence  between Fig. 29, 30, and 31 was due t o  t h e  chilldown time curves 

(dashed l i n e s ) .  

To determine the  necessary hydrogen requirement t o  ch i1  1 t h e  e n t i r e  pump 

wetted su r f aces  t o  an acceptab le  temperature l e v e l ,  Fig. 27 through 30 were 

used. In the p repa ra t ion  of  Fig. 28 , i t  was assumed t h a t  hydrogen was sub- 

cooled (-8.5 degrees) .  The r e s u l t s  i nd ica t ed  t h a t ,  a t  a mass f l u x  o f  2 l b /  
2 in . - sec ,  t h e  wetted su r f ace  temperature was --275 F and the  requi red  c h i l l -  

down times were -47.5 seconds and l e s s  than 1 second f o r  an uncoated and a 

0.020-inch K X  635 coated t i t an ium pump, r e spec t ive ly .  Therefore,  a t  'a mass 
2 

f lux  of 2 lb / in . - sec ,  tlie minimum hydrogen requirements ,  based on an inducer  
2 

a r ea  of  4.91 i n .  , were about 73.5 pounds and 10 pounds f o r  uncoated and a 

0.020-inch coated t i t an ium pump, r e spec t ive ly .  This c l e a r l y  p o i n t s  out  the  

advantage of  the  coa t ing  from t h e  s t andpo in t  of reducing t h e  chilldown time 

and hydrogen requirements .  Also, as mentioned p rev ious ly ,  t he  use  o f  coa t -  

ings w i l l  reduce the  thermal s t r e s s  problems because of t he  thermal g r a d i e n t s  

s e t  up i n  t i t an ium p a r t s  during chilldown was f a r  l e s s  with coat ings.  

2 
A t  a  mass f l u x  o f  5 l b / in . - s ec ,  t h e  e x t r a p o l a t i o n  of Fig. 28 f o r  Ac/As = 

2 
0.0025 ( e n t i r e  pump) r e s u l t s  i n  the  h e a t  f l u x  of 0.385 Btu/in.  - s e c  f o r  

t i tanium. Figure 29 ind ica t ed  t h a t  t h i s  hea t  f l u x  was assoc ia ted  wi th  a 

pump s t a r t  wa l l  temperature o f  ---I52 F. The chilldown time t o  achieve t h i s  

temperature was -1.5 seconds, and the minimum t o t a l  hydrogen r equ i r ed  was 



-36.8 pounds. The hydrogen requi renents  f o r  t h e  uncoated t i t an ium pump 
2 

were -73.5 and 36.8 pounds a t  a mass f l u x  of 2 and 5 l b / in . - s ec ,  respec-  

t i v e l y .  Again, t he  advantage of high hydrogen f lowra tes  f o r  t he  purpose 

of pump chilldown was ind ica t ed  (as  sllown i n  Ref. 7 ) . 

\%en Tens-50 aluminum was examined, Fig. 27 showed t h a t  f o r  a mass f l u x  o f  
2 

2 l b / in .  - s e c  when s a t u r a t e d  LII en t e red  the  pump, allowable hydrogen q u a l i t y  
2 

was 1 percent  by weight. A t  t h i s  h e a t  f l u x ,  Fig. 31 ind ica t ed  a s u r f a c e  

temperature of --70 F ,  and t h e  a s soc i a t ed  chilldown t i n e  was -4.5 seconds. 

I t  should be mentioned t h a t  t he  assumed metal thickness  i n  t h i s  s tudy  was 

0.5 inch ,  which was s l i g h t l y  t h i c k e r  than the  major i ty  of  LH2 pump p a r t s .  

Therefore,  t h e  chilldown time and t h e  hydrogen requirement f o r  t he  uncoated 

Mark 29 LH2 pump should be l e s s  than the  values obtained.  Also, a mass f l u x  

of 2 lb/in!-sec would b e  d i f f i c u l t  t o  achieve under a tank-head s t a r t  with 

a tank p re s su re  of -32 t o  40 p s i a .  The system p res su re  drop,  as shown i n  

Fig. 117 of Ref. 7 , l im i t ed  the  hydrogen f lowra te .  The b e s t  expected flow- 

r a t e  was t h a t  sh-own i n  Fig. 117 of  Ref. 7 ,  which sllows t h a t  t h e  mass f l u x  
2 2 was -1.2 l b / in . - s ec  (based on the  inducer  flow a rea  of 4.912 i n . )  a f t e r  60 

seconds of sys  tem chilldown. Therefore,  a f a s t e r  ch i1  l d o m  would r e q u i r e  

a p ropor t iona l ly  h ighe r  tank pressure .  

STUDY OF COATING TECHNIQUES 

The primary purpose of t h i s  e f f o r t  was d i r e c t e d  toward t h e  development of 

i n s u l a t i v e  coa t ings  f o r  i n t e r n a l  su r f aces  of  LH turbopumps. Cryogenic 2 
i n s u l a t i o n  coa t ings ,  t o  be s u c c e s s f u l ,  must have low thermal conduc t iv i t i e s  

and c o e f f i c i e n t s  of expansion, must adhere t o  t h e  metal s u b s t r a t e s  under 

v i b r a t i n g  condit ions a t  l i q u i d  llydrogen temperatures ,  and must n o t  erode 

under t he  high-flow environments encountered i n  high-performance LII pumps. 
2 

Furthermore, t h e  techniques f o r  applying the  coa t ings  must no t  d e t e r i o r a t e  

t he  coa t ing  o r  t h e  metal s u b s t r a t e s  of t i t an ium and Tens-50 c a s t  aluminum. 

Af ter  ex tens ive  i n v e s t i g a t i o n s  of candidate  coat ings and process ing  tech-  

n iques ,  two gene r i c  f ami l i e s  o f  ma te r i a l s  were s e l e c t e d  f o r  t h e  coa t ing  of 



proto type  hardriare, The m a t e r i a l s  s e l e c t e d  were : a convent ional ly app l i ed ,  

g l a s s  -microbal loon f i l l e d ,  Ke 1 - F  d i spe r s ion  ma te r i a l  (KX 635) ,  and a  plasma- 

sprayed epoxy mater ia l .  

An ex tens ive  l i t e r a t u r e  search  was conducted t o  review the  work performed 

by o t h e r  i n v e s t i g a t o r s  i n  t he  f i e l d  of coa t ing  techniques and p o t e n t i a l  

coa t ing  ma te r i a l s .  Emphasis of t h i s  search centered on the  thermal and 

phys i ca l  p r o p e r t i e s  of var ious  ma te r i a l s  a t  ambient and cryogenic tempera- 

t u r e s .  Coating app l i ca t ion  techniques,  inc luding  plasma-spray depos i t ion  

of organic  r e s i n s ,  a l s o  were inves t iga t ed .  The f e a s i b i l i t y  of coa t ing  com- 

p l ex  geometric shapes,  t h e  p o s s i b i l i t y  of ma te r i a l  degradat ion ( e i t h e r  sub- 

s t r a t e  o r  coat ing)  us ing  these  processing techniques and t h e  adllesion prop- 

e r t i e s  between the  coat ing and metal s u b s t r a t e  were inves t iga t ed .  

L i t e r a t u r e  descr ib ing  modi f ica t ions  of conventional app l i ca t ion  techniques 

of dipping and spraying  and subsequent fus ing  of  t he  appl ied  m a t e r i a l s  a l s o  

was s tud ied  and i s  presented  i n  Appendix A. 

DEVELOPMENT OF COATING TECHNIQUES 

K X  635 Coatine 

The s tudy of coat ing techniques revea led  t h a t  g l a s s  -microballoon f i l l e d ,  

Kel-F d ispers ion  coa t ings  ( K X  635) showed t h e  b e s t  p o t e n t i a l  f o r  i n t e r n a l  

i n s u l a t  ive organic  ma te r i a l s  f o r  cryogenic temperature app l i ca t ions .  One 

of  the  l a r g e s t  r epo r t ed  unresolved problem areas  was lack  o f  c o n s i s t e n t  

coa t ing  adhesion during s t a t i c  and dynamic flow t e s t s  a t  cryogenic tempera- 

t u r e s .  Fur ther ,  s u b s t r a t e  process ing  requirements necessary  t o  develop 

good coa t ing  adhesion had t o  be  modified f o r  t h e  ind iv idua l  metal a l l oys .  

I n i t i a l  attempts were t o  so lve  these  problems on an i n d i v i d u a l  b a s i s  a l -  

though coat ing adhesion, precoa t ing  p repa ra t ion ,  and thermal process ing  

problems were r e l a t e d .  The foll.owing s e c t i o n s  p re sen t  liocketdyne's approach 

toward so lv ing  the  problems r e l a t i n g  t o  coat ing adhesion and s u b s t r a t e  

process ing  during coat ing appl ica. t ion and development. 



Adlesion of Coating. Loss o f  coa t ing  adhesion may occur when t h e  m a t e r i a l  

i s  appl ied t o  an improperly prepared s u b s t r a t e  o r  when tlie thermal s t r a i n  

d i f f e r e n t i a l  between the  s u b s t r a t e  and t h e  coa t ing  exceeds t h e  s t r a i n  cap- 

a b i l i t y  i n  tlle coa t ing  a t  the opera t ing  temperature of -423 F. 

Reduction of Thermal S t r a i n s .  Modif icat ions were made i n  t he  composition 

of  t h e  b a s i c  K X  635 m a t e r i a l  t o  reduce i t s  thermal cont rac t ion  f u r t h e r .  

Bas i ca l ly ,  f i l l e r s  were added t o  t he  as-suppl ied K X  635 ma te r i a l  t o  lower 

t h e  thermal con t r ac t ion  of t h e  composite coat ing.  Addit ional  q u a n t i t i t e s  

of g l a s s  microballoons were added t o  t h e  m a t e r i a l ,  and L i tha f r ax  2 1 2 1  (a  

powdered grade of  l i t h ium aluminum s i l i c a t e ,  which has a  negat ive thermal 

c o e f f i c i e n t  o f  expansion) was evaluated.  These f i l l e r s  were added ind iv id -  

u a l l y  and i n  combinations t o  the  KX 635 ma te r i a l s .  

In addi t ion  t o  t h e  reduct ion  i n  thermal contract i .on,  two empir ica l  c r i t e r i a  

were e s t a b l i s h e d  f o r  determining t h e  maximum f i l l e r  loading of t he  K X  635 

d ispers ion  ma te r i a l .  F i r s t ,  f i l l e r s  were added u n t i l  t h e  m a t e r i a l  could 

n o t  be p r a c t i c a l l y  appl ied  by conventional spray-coat ing techniques t o  met a1  

s u b s t r a t e s  r e p r e s e n t a t i v e  of the  geometry o f  LH turbopump p a r t s  t h a t  would 
2 

have t o  be coated. Also, even i f  a  coat ing with extremely low thermal con- 

t r a c t i o n  values could be  succes s fu l ly  sprayed on a l l  of t he  proposed p a r t s ,  

t h e  cured coat ing had t o  have enough r e s i n  t o  b e  reasonably tough, have 

s u f f i c i e n t  low- temperature d u c t i l i t y  , be  smooth o r  capable of be ing  smoothed, 

and be  r e s i s t a n t  t o  e ros ion  caused by contac t  with h igh-ve loc i ty  cryogenic 

f l u i d  flow. 

High so lven t  conten ts  were eva lua ted  t o  reduce the  v i s c o s i t y  and make i t  

e a s i e r  t o  spray t h e  heav ie r  f i l l e d  ma te r i a l s .  However, the  h ighe r  s o l v e n t  

content  r e s u l t e d  i n  g r e a t e r  coa t ing  shrinkage during cure o f  t h e  coat ing.  

These p r e s t r e s s e d  coa t ings  tended t o  s e p a r a t e  more e a s i l y  from t h e  primed 

s u b s t r a t e  dur ing  cyrogeni c  thermal cyc l ing  than d id  t h e  m a t e r i a l  without  

so lvent  a d d i t i o n .  F i l l e r  loadings g r e a t e r  t han  16.5 p a r t s  p e r  hundred (pph) 

g l a s s  and 16.0 pph' L i thaf rax  would have reduced t h e  con t r ac t ion  of cured 

coa t ings  f u r t h e r .  However, they r e s u l t e d  i n  ma te r i a l s  s o  viscous t h a t  t hey  

could no t  be app l i ed  us ing  normal spray-coa t ing  techniques.  Quan t i t a t i ve  

con t r ac t ion  measurements were no t  ob ta ined  f o r  these  h e a v i l y  loaded m a t e r i a l s .  



Figure 3 2 shows the  t o t a l  cont rac t ion  from ambient temperatures down t o  

-423 F of s e v e r a l  of t h e  most promising ma te r i a l s  based upon K X  635, along 

with comparative d a t a  f o r  t i t an ium and aluminum. These prel iminary d a t a  

f o r  t h e  modified ma te r i a l s  were obta ined  using r e p l i c a t e  determinat ions and 

nonstandard d i l a t o m e t r i c  samples. Therefore ,  t he  values may be  s l i g h t l y  

i n  e r r o r .  For comparative purposes,  however, the  e f f e c t  of adding f i l l e r s  

t o  1:el-F r e s i n s  i s  c l e a r l y  shown. For example, t h e  t o t a l  cont rac t ion  from 

70 t o  -423 F  f o r  Kel-F 81 r e s i n  i s  approximately 0.0105 i n . / i n . ,  whi le  t h e  

s t anda rd  KX 635 (with about 11.5-percent g l a s s  microballoons and a  t o t a l  

s o l i d s  content  o f  60 percent )  has a  t o t a l  con t r ac t ion  over t he  same tempera- 

t u r e  range of 0.0066 i n . / i n .  The addi t ion  of 5  pph g l a s s  microballons f u r t h e r  

decreases  t he  cont rac t ion  t o  0.0047 i n . / i n . ,  while  the  addi t ion  of 16 pph 

Li thaf rax  reduces the  con t r ac t ion  t o  0.0044 i n .  / i n .  The combination o f  5  

pph g l a s s  p l u s  16 pph Li thaf rax  added t o  t h e  s tandard  I<X 635 r e s u l t e d  i n  

e s s e n t i a l l y  an a d d i t i v e  e f f e c t ,  with t he  t o t a l  con t r ac t ion  reduced t o  0.0033 

i n . / i n .  from 70 t o  -423 F. The cont rac t ion  f o r  t h i s  m a t e r i a l  may be  seen  

t o  be  l e s s  than  t h a t  o f  t h e  Tens-50 aluminum cas t ing  a l l o y  f r equen t ly  used 

f o r  cryogenic turbomachinery app l i ca t ions .  Table 7 summarizes t he  d a t a  

obtained f o r  the  KX 635 based coat ing ma te r i a l s  regarding t h e i r  t o t a l  s o l i d s  

conten t ,  q u a n t i t y  of low cont rac t ion  f i l l e r s  added, percentage of s o l i d s  

composed of low cont rac t ion  f i l l e r s ,  and tlie t o t a l  cont rac t ion  from 70 down 

t o  -423 F f o r  each of  t hese  ma te r i a l s .  

Subs t r a t e  Prepara t ion  and Processing. The importance of prepar ing  s u b s t r a t e s  

f o r  subsequent coa t ing  app l i ca t ion  cannot be over  emphasized. In  g e n e r a l ,  

t h i s  p repa ra t ion  includes cleaning,  chemical e tch ing  o r  abras ive  b l a s t i n g ,  

and priming. The coat ing i s  then appl ied  and cured t o  t h e  previous ly  pre-  

prepared s u b s t r a t e .  Because o f  p o t e n t i a l  s t r a i n s  r e s u l t i n g  from t h e  low- 

temperature opera t ing  environment and t h e  inhe ren t  b r i t t l e n e s s  of t h e  coa t -  

ings a t  cryogenic temperatures,  t h e s e  prepara tory  process ing  s t e p s  must b e  

meticulously followed i f  the  coat ings a r e  t o  be succes s fu l ly  u t i l i z e d .  

' h o  metal s u b s t r a t e s ,  a  t i t an ium a l loy  (Ti-5A1-2.5Sn), and an aluminum 

cas t ing  a1 loy (Tens-50) , commonly used i n  the  f a b r i c a t i o n  of LH turbopumps , 
2 
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Figure 3 2 .  Thermal Contract ion of  Various Coatings 



TABLE 7 

COFIPARISON OF KX 635- BASED !/1ATERIALS 

TO KEL-F RESI1'J 

1 K X  635 
I ( s tandard)  

KX 635 + 

M i  crob a1 1 oons 

KX 635 + 
Li tha f r ax  

KX 635 + 
f l ic roba l  loons 
+ Li thaf rax  i 

by weight I P P ~  percent  

I 11.5 g l a s s  / 
microballoons 

Tota l  
Contraction 
70 t o  - 423 

Amount of Low 
Contract F i l l e r s  

Tota l  
So l id s ,  Quantity of 

62  1 16.5 g l a s s  
microballoons 

Percent  

65.5 

were u t i l i z e d  during t h i s  phase of t he  coa t ing  eva lua t ion  program. Each 

F i l  l e r s  Added, , In Tot a1 So l id s  , 

26.5 

11.5 g l a s s  
microbal loons 
16.0 L i tha f r ax  

6 7 

of t h e  ma te r i a l s  had unique problems t h a t  had t o  b e  so lved  before  organic  

0.0047 

16.5 g l a s s  
microbal loons 
16.0 Li thaf rax  

coat ings f o r  cryogenic s e r v i c e  could be  appl ied  t o  them. A d i scuss ion  

descr ib ing  the  process ing  techniques developed f o r  each of  t he  ma te r i a l s  

i s  p resented  below. 

Titanium. I t  i s  much more d i f f i c u l t  t o  prepare  the su r f ace  of t i t an ium 

f o r  bonding o r  coa t ing  than it i s  f o r  aluminum. Because t h i s  was b a s i c a l l y  

an experimental program, the  usua l  prebonding, n i t r i c -phosphor i c  ac id  e t c h  

of t i t an ium was no t  used f o r  completed components. Therefore,  the  s u r f a c e  

was so lven t  wiped with a  thermally degreased Ketone a t  675 k25 F and g r i t  

b l a s t e d  with new 100-g r i t  garnet .  

For normal coat ing a p p l i c a t i o n s ,  KF 7  640 d i spe r s ion  pr imer would be  appl ied  

and cured t o  t h i s  f r e s h l y  prepared t i t an ium sur face .  However, it was found 



through simple cryogenic t e n s i l e  t e s t s  of  coated t i t an ium samples (descr ibed  

below), t h a t  add i t i ona l  process ing  s t e p s  were requi red  t o  prepare t he  t i t an ium 

f o r  the  K X  635-based coa t ing  sys tems. 

The following sequence was used t o  develop a  r e l i a b l e  bond a t  cryogenic tem- 

pe ra tu re s  between the  coat ing and t h e  prepared t i t an ium su r face .  By d e f i n i -  

t i o n ,  t h i s  j o i n t  had t o  have s u f f i c i e n t  cryogenic s t r a i n  c a p a b i l i t y  t o  remain 

bonded t o  t h e  metal  su r f ace  up t o  t h e  y i e l d  s t r a i n  po in t  of  t h e  t i t an ium.  

F i r s t ,  t i t an ium t e n s i l e  samples were prepared with t h e  primer appl ied  d i r e c t l y  

t o  t h e  c l ean ,  g r i t - b l a s t e d  su r f ace  and cured a t  500 F. Subsequently,  t h e  

samples were coated and fused us ing  the  K X  635-based m a t e r i a l s .  Tens i le  

t e s t s  a t  -320 F i nd ica t ed  t h a t  t he  pr imsr  tended t o  s e p a r a t e  from t h e  t i t a n -  

ium be fo re  i t s  y i e l d  po in t  was reached. A complete adhesive sepa ra t ion  

occurred between the  g r i  t - b l a s  t e d  t i t an ium su r face  and the  coat ing pr imer ,  

regard less  of which f i l l e r  combination was u t i l i z e d .  This i nd ica t ed  t h a t  

t h e  t h i n  primer l a y e r  with a  con t r ac t ion  r a t e  s i m i l a r  t o  Kel-F 81 r e s i n s  

could n o t  absorb t h e  t o t a l  cryogenic d i f f e r e n t i a l  s t r a i n  between i t s e l f  

and t h e  t i tanium s u b s t r a t e .  

An inorganic ,  bonded, aluminum coat ing  on the  t i t a i i u m  was then  eva lua ted  

t o  reduce the  thermal s t r a i n  a t  cryogenic temperatures between t h e  metal 

s u b s t r a t e  and the  i n s u l a t i v e  coa t ing  system. Coated t e n s i l e  samples were 

made and t e s t e d  a t  ambient and cryogenic temperatures with t h i s  aluminum 

coat ing on t h e  t i t an ium s u b s t r a t e .  l iesul ts  i nd ica t ed  t h a t  t h e r e  was s t i l l  

an adhesive s e p a r a t i o n  between t h e  aluminum coat ing and t h e  ICF 640 primer.  

However, it was observed t h a t  t h e r e  was an extremely t h i n  aluminum f i l m  

on t h e  bottom of  t he  primer layer .  Visual  examination o f  t h e  ino rgan ic  

bonded aluminum su r face  under 15X magni f ica t ion  ind ica t ed  t h a t  t h e r e  seemed 

t o  be  a somewhat nonadherent f i l m  on the  aluminum sur face .  Subsequently,  

i t  was found t h a t  t h i s  f i lm  could be  removed by pneumatically peening the  

su r f ace  with f i n e  g l a s s  beads. 



The f i n a l ,  succes s fu l ly  used t rea tment  of t i t an ium f o r  t h i s  i n s u l a t i o n  

program, t h e r e f o r e ,  included these  s t e p s  . Tile t i t an ium was so lven t  c leansed,  

thermally degreased, and g r i t  b l a s t e d  as prev ious ly  descr ibed.  A s i n g l e  

l a y e r  of inorganic ,  bonded aluminun coa t ing  was then appl ied  and cured a t  

650 F. F ina l ly ,  t he  nonadherent su r f ace  f i lm  was removed by glass-bead 

peening, 

Titanium t e n s i l e  samples made us ing  these  precoa t ing  procedures were success-  

f u l  i n  meeting the ambient and cryogenic temperature s t r a i n  c a p a b i l i t y  of 

t h e  t o t  a1 metal- coat ing system. 

Aluminum Prepara t ion .  Tens-50 aluminum specimens were prepared f o r  

subsequent coa t ing  using s t anda rd  adhesive bonding prepara t ion  techniques.  

The s u r f a c e  was s o l v e n t  c leaned and g r i t  b l a s t e d  s i m i l a r l y  t o  t he  t i t an ium 

samples . I-Iowever, t h e  thermal degreasing cycle  was omitted because i t  would 

anneal t he  h e a t - t r e a t e d  aluminum. Af ter  g r i t  b l a s t i n g ,  res idues  were re -  

moved from the  su r f ace  us ing  GN The KF 640 primer was then appl ied  and 2 * 
cured s i m i l a r l y  t o  t he  t i t an ium,  except t h a t  t h e  temperature was reduced 

from 500 t o  470 F t o  minimize the  d e t e r i o r a t i o n  of t h e  h e a t  t r e a t  condi t ion .  

The s e n s i t i v i t y  of h e a t - t r e a t e d  aluminum t o  t h e  temperatures r equ i r ed  t o  

fuse  t h e  various organic  coa t ing  systems was a  l i m i t i n g  f a c t o r  i n  t h e  s e l e c -  

t i on  o f  coat ings f o r  aluminum a l l o y s .  E a r l i e r  work (Appendix A) us ing  KX 635 

requi red  cure schedules t h a t  annealed t h e  aluminum a l loys .  During a  previous 

coat ing program a t  Rocketdyne, a  cure schedule f o r  KX 635 was developed t h a t  

permi t ted  a  coat ing depos i t ion  o f  approximately 1/8-inch th i ck  while  main- 

t a i n i n g  a  T-710 h e a t  t r e a t  condi t ion  on Tens-50 aluminum. By c o n t r o l l i n g  

cure temperature,  cure time, and so lven t  evaporat ion schedules  , coat ing  

thickness  p e r  cycle  was increased  from the  0.020 inch (recommended by t h e  

s u p p l i e r  of t he  ma te r i a l )  t o  approximately 0.060 inch. 

Plasma Coating Systems 

Mater ia l  Se l c t ion .  The fo l lowing  ma te r i a l s  were s e l e c t e d  f o r  s tudy  based 

on t h e i r  a v a i l a b i l i t y  as plasma-spray powders and phys ica l  and mechanical 



p r o p e r t i e s  : 

Resins 

Polyamide , Zytel 101 

Epoxy, 800 F 

Chlorinated Polye ther ,  803 F (Penton) 

Polyethylene,  807 F 

Kel-F 6061 

Pigments and F i l l e r s  

Titanium Dioxide, R-900 

Zinc Oxide, SP-500 

L i tha f r ax  2121 

Processing Technique. In the plasma-spray process ,  powders of the  d e s i r e d  

coa t ing  ma te r i a l s  a r e  fed  v i a  a  c a r r i e r  gas (argon) i n t o  a  plasma-arc flame 

where they a r e  then p rope l l ed  i n  t he  molten s t a t e  onto t h e  s u b s t r a t e .  The 

molten p a r t i c l e s  a r e  quenched on contac t  with t h e  coo le r  s u b s t r a t e ,  and a  

s o l i d  f i l m  r e s u l t s .  The molten p a r t i c l e s  conform t o  t h e  contour of t h e  

su r f ace ,  providing in t ima te  contac t  and correspondingly good adhesion. 

Generally,  more s u r f a c e  contac t  a r e a  i s  obtained by b l a s t i n g  t h e  s u r f a c e  

wi th  a  coarse g r i t  (20 mesh) p r i o r  t o  spraying.  

flie optimum molten s t a t e  of the  p a r t i c l e s  is  determined by t r i a l  and e r r o r .  

The flame temperature i s  con t ro l l ed  over a  wide range by varying t h e  power 

input  (vol tage  and/or amperage). Generally,  t h e  lower t h e  melt ing p o i n t  of 

t h e  m a t e r i a l  being sprayed,  t he  lower the  power requirements.  The molten 

s t a g e  a l s o  can be  con t ro l l ed  t o  some e x t e n t  by vary ing  t h e  torch-to-specimen 

d i s t ance ,  i . e . ,  t h e  f a r t h e r  away, t h e  cooler  t he  p a r t i c l e s  w i l l  b e  on impact. 

A t h i r d  method o f  c o n t r o l l i n g  the  molten s t a t e  t o  some degree i s  t h e  loca t ion  

of powder feed i n t o  t h e  plasma stream. For lower mel t ing  ma te r i a l s ,  p a r t i c -  

u l a r l y  p l a s t i c s ,  t he  f r o n t  e l ec t rode  i s  designed t o  feed  the  powder i n t o  t h e  

stream we l l  ahead ,of the  gun where the  flame i s  r e l a t i v e l y  cool.  Higher 

niel t ing ma te r i a l s  a r e  fed i n t o  the  s t ream e i t h e r  a t  t h e  nozzle  e x i t  o r  even 



through a  p o r t  on the  i n s i d e  of t he  nozzle .  For example, b e t t e r  Kel-F 

coa t ings  have been re2or ted  when us ing  a  h igh-ve loc i ty  e l e c t r o d e ,  which 

has an at tachment  f o r  feeding the  powder a t  t he  e x i t  of t h e  e l e c t r o d e ,  

r a t h e r  than when us ing  the  s t anda rd  p l a s t i c  e l ec t rode .  Other methods o f  

c o n t r o l l i n g  t h e  molten condit ion of t he  p a r t i c l e s  a r e  by varying t h e  a rc-  

gas f l owra t e ,  t h e  powder-gas f lowra te  (whether t h e  p a r t i c l e s  a r e  f e d  i n t o  

t h e  c e n t e r  o r  edge of t h e  plasma f lame) ,  and the  type o f  a r c  gas ( f o r  i t s  

h e a t  capac i ty ,  i o n i z a t i o n  p r o p e r t i e s ,  e t c . ) .  

Frequent ly,  t h e  b e s t  coa t ings  may not  b e  obtained with the  optimum c o n t r o l  

of t h e  above v a r i a b l e s  because o f  ox ida t ion  of t h e  p a r t i c l e s  by t h e  surround- 

i n g  a i r .  Also, r ap id  quenching of  t h e  p a r t i c l e s  on impact r e s u l t s  i n  t h e  

d e t e r i o r a t i o n  of  phys i ca l  and mechanical p r o p e r t i e s  of t h e  coa t ing  ( thermal  

cracking and s p a l l i n g ) .  Other  con t ro l s  such as spraying  i n  an i n e r t  atmos- 

phere and p rehea t ing  the  s u b s t r a t e  a t  a  h ighe r  temperature a r e  used t o  reduce 

o r  e l i m i n a t e  t h e s e  e f f e c t s .  Most p l a s t i c s  r e q u i r e  some degree o f  s u b s t r a t e  

p rehea t ing  f o r  p rope r  coa t ing  p r o p e r t i e s .  

Fabr ica t ion  and Test  of Coated Samples. A Plasmatron SG-1 plasma gun was 

used throughout t h e  program. Most coa t ings  were depos i ted  with s t anda rd  

p l a s  t i c - sp ray  e l e c t r o d e s ;  however, Kel-F and pigmented ( o r  f i l l e d )  Kel-F 

coat ings were sprayed us ing  h igh-ve loc i  t y  e l ec t rodes .  A ven tu r i -  type 

feeder-hopper and a  P l  asmatron Roto- Feed hopper was used f o r  applying t h e  

epoxy coa t ings  t o  t h e  t e s t  specimens. 

A l l  s u b s t r a t e s  sprayed were f i rst  g r i t  b l a s t e d  with 20-mesh aluminum. Thermo- 

couples were a t t ached  t o  t he  back s i d e  o f  thermal  cycle  t e s t  pane ls  s o  t h a t  

some c o n t r o l  o f  s u b s t r a t e  temperature could b e  maintained during process ing .  

Pure powders, a s  were some mixed powders, were f e d  i n t o  t h e  plasma flame 

through t h e  f e e d e r  hopper without any previous  processing.  La te r  i n  t h e  

program, pigmented ( o r  f i l l e d )  powders were ba l l -mi l l ed  f o r  12 hours and 

then s i eved  t o  va r ious  s i z e  ranges. The type of f eede r  system and parameters  

used f o r  each powder a r e  shown i n  Table 8 .  
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Thermal shock t e s t s  were run on 1 by 6 inch panels  a s  p a r t  of f a b r i c a t i o n  

process  development. The ob jec t ive  was t o  e s t a b l i s h  the  optimum spraying 

parameters t o  produce coa t ings  which could su rv ive  10 cyc les  of hea t ing  

t o  200 F and quenching i n  LN2 followed by impacting the  specimen while 

s t i l l  a t  approximately LN2 temperature a f t e r  t he  t e n t h  cyc l e .  The r e s u l t s  

of t h e  thermal cyc l e  s tudy  a l s o  a r e  shown i n  Table 8. 

Fami l i a r i za t ion  t e s t s  were conducted with nylon (Zytel  101 polyamide) powder 

( t e s t s  No. 1 and 2  of Table 7 )  t o  check out t h e  equipment and t h e  ope ra to r .  

Only t h i s  powder and the  6061-T6 aluminum a l l o y  panels  were a v a i l a b l e  a t  

t h e  i n i t i a t i o n  of t he  program. The r e s u l t s  were encouraging i n  t h a t  t h e  

coat ing d id  not f l a k e  o r  spa11 during a p p l i c a t i o n ,  bu t  t h e r e  was some 

evidence of p a r t i c l e  d e t e r i o r a t i o n .  Sagging was caused by inadequate con- 

t r o l  of o the r  v a r i a b l e s .  

The second s e r i e s  of t e s t s  (No. 3  through 7, Table 7  ) were conducted on 

an epoxy (800 F ) ,  a  ch lo r ina t ed  polye ther  (Penton, 803 F ) ,  and polyethylene 

(807 F ) ,  a l l  l o c a l l y  a v a i l a b l e  from t h e  Plasmadyne Corporat ion.  The spray-  

ing parameters were those  recommended by Plasmadyne, except t h a t  a  Roto- 

Feed hopper was no t  a v a i l a b l e  a t  t h e  t ime.  A s u b s t r a t e  temperature of 300 

in s t ead  of 500 F a l s o  was used f o r  polyethylene because t h e  s u b s t r a t e  was 

Tens-50 aluminum a l l o y .  As ind ica t ed  i n  Table 7 ,  t h e  epoxy performed 

b e s t ,  even though f i n e  cracks formed during temperature cyc l ing .  

A review of a v a i l a b l e  l i n e a r  expansion da t a  showed t h a t  thermal expansion 

c o e f f i c i e n t s  f o r  organic  r e s i n s  and p l a s t i c s  a r e  some 10 t o  20 times those  

of Tens-50 aluminum a l l o y  and 5A1-2.5Sn t i tan ium a l l o y  (Table 9 ) .  

D i f f e r e n t i a l  expansion was, t h e r e f o r e ,  expected t o  be a  problem because 

coa t ings  were appl ied  on preheated s u b s t r a t e s .  The f i n e  cracks observed 

during the  thermal shock t e s t s  on t h e  pure r e s i n  coa t ings  were a t t r i b u t e d ,  

i n  p a r t ,  t o  d i f f e r e n t i a l  expansion. 

The e f f e c t s  of d i f f e r e n t i a l  expansion could be  lessened by mixing t h e  

r e s i n s  with pigments o r  f i l l e r s  having lower c o e f f i c i e n t s  of expansion 

than t h e  metal s u b s t r a t e s .  Therefore,  t i t an ium dioxide ,  x inc  oxide,  and 



TABLE 9 

APPROXIhlATE THERMAL EXPANSION COEFFICIENTS 

Mate r i a l s  

Coe f f i c i en t  of Expansion, 

i n .  / i n .  /F 

Resins and P l a s t i c s  

EPOXY 330 
Po lyes t e r  450 
Polyamide (Nylon) 480 
Clor ina ted  Polye ther  660 
(Pent on) 
Polyethylene 1050 

Metal Subs t r a t e s  

Titanium ~ 1 1 0 ~  5 3 
Tens-50 Aluminum Alloy 120 

Pigments and F i l l e r s  

Lithium Aluminum S i l i c a t e  - 5 
(Li thaf  rax)  
Zinc Oxide ' 18 
Titanium Dioxide 4 2 

l i t h ium aluminum s i l i c a t e  (Li thaf rax)  powders were mixed 1 t o  4 p a r t s  

r e s i n  by vo'lume, and t h e  thermal shock t e s t s  repea ted .  Information obta ined  

from Janowiecke and Willson ind ica t ed  t h a t  t h i s  r a t i o  and s p e c i a l  powder 

p repa ra t ion  ( b a l l  m i l l i n g  and s i ev ing )  produced promising coa t ings  by t h e  

plasma-spray p roces s .  

The- spraying parameters and thermal shock t e s t  r e s u l t s  on t h e  mixed-powder 

coa t ings  a r e  shown i n  Table 10.  A s  expected, t h e  add i t i on  of pigment o r  

f i l l e r  reduced t h e  amount of c racking .  The coa t ings  s e l e c t e d  from Tables  

9 and 10 f o r  f u r t h e r  s tudy  were t h e  pure epoxy and epoxy f i l l e d  wi th  

L i tha f r ax  2121. The epoxy not  only produced b e t t e r  looking coa t ings  wi th  

fewer c r acks ,  bu t  could be depos i ted  on cooler  s u b s t r a t e s ,  a  f a c t o r  of 

importance when cons2deri'ng t h e  s i z e  and conf igura t ion  of a c t u a l  turbopump 

components t o  be coated.  
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Epoxy pigmented with Ti02 performed equa l ly  well  a s  epoxy f i l l e d  wi th  

L i tha f r ax  2121; however, t h e  l a t t e r  was chosen because of i t s  nega t ive  

expansion c o e f f i c i e n t .  I t  was considered t h a t  a c l o s e r  match i n  thermal 

expansion (o r  con t r ac t ion )  between t h e  coa t ing  system and t h e  s u b s t r a t e  

would be  b e n e f i c i a l  on a c t u a l  components under dynamic condi t ions .  

T e n s i l e  and f l e x u r e  t e s t  specimens were subsequent ly coated wi th  epoxy 

and L i t h a f r a x - f i l l e d  epoxy, and t h e  l a t t e r  was plasma sprayed onto a sec-  

t i o n  of  a Mark 29 LH2 turbopump i n l e t  f o r  t e s t i n g .  

Phys ica l  and Thermal Proper ty  Tes t ing  of Coatings 

Modified Kel-F and Plasma-spray depos i t i on  coated,  s tandard  t e s t  samples 

u s ing  both Tens-50 aluminum and Ti-5A1-2.5Sn t i t an ium unnotched t e s t  b a r s  

i n  accordance wi th  ASTM D-671 were thermal ly  and p h y s i c a l l y  t e s t e d  us ing  

cryogenic cyc l ing ,  f l e x u r a l  f a t i g u e ,  and t e n s i l e  s t r a i n  t e s t s .  I n  a d d i t i o n ,  

con t r ac t ion  t e s t s  on modified Kel-F d i s p e r s i o n  samples were conducted. 

Cryogenic Cycling Tes t s  

Cryogen cyc l ing  cons i s t ed  of cyc l ing  r e p r e s e n t a t i v e  s t anda rd  t e s t  samples 

from -320 t o  200 F f o r  10 cyc le s  and v i s u a l l y  observing any craz ing  o r  

any s e p a r a t i o n  of  t h e  coa t ing  from t h e  metal s u b s t r a t e .  The -320 F temp- 

e r a t u r e  was achieved by p l ac ing  t h e  t e s t  samples i n  a dewar f l a s k  f i l l e d  

with LEI2. A f t e r  a t t a i n i n g  t h e  r equ i r ed  -320 F temperature,  each sample 

was examined f o r  su r f ace  i r r e g u l a r i t i e s .  Each sample was then  p laced  i n  

a 200 F, t h e r m o s t a t i c a l l y  c o n t r o l l e d ,  forced-convect ion oven. Af te r  reach-  

i n g  t h i s  maximum temperature,  each sample was again examined f o r  any coa t -  

i n g  i r r e g u l a r i t i e s  t h a t  may have occurred during t h e  thermal cyc l ing  pro-  

c e s s .  Cycling continued u n t i l  c r az ing  o r  l o s s  of  adhesion of t h e  coa t ing  

was no t i ced ,  o r  u n t i l  t h e  maximum of 10 cyc le s  was completed. 



A l l  s tandard  t e s t  samples with a  modified Kel-F coa t ing  t h a t  were success-  

f u l l y  completed i n  t h e  cyc l ing  process  a r e  l i s t e d  i n  Table 11 .  Severa l  

types of plasma-spray depos i t ion  samples crazed during cycl ing and were 

e l imina ted  from f u r t h e r  t e s t i n g .  Only two d i f f e r e n t  epoxy coa t ings  t h a t  

exceeded t h e  cyc l ing  t e s t  requirements were r e t a i n e d  f o r  f u r t h e r  t e s t i n g  

on both aluminum and t i t an ium t e s t  ba r  specimens (Table 11). 

Tens i l e  S t r a i n  Tes t s  

Tens i l e  t e s t s  u s ing  the  Ins t ron  Universal  t e s t  machine a t  a  crosshead 

speed of 0.05 in . /min were performed a t  77 and -320 F on t h e  coated s p e c i -  

mens t h a t  had previous ly  passed t h e  cryogenic cyc l ing  t e s t .  Three t e s t  

b a r s  with each coa t ing  were t e s t e d  a t  -320 F, and two b a r s  were t e s t e d  a t  

77 F .  Each coated metal b a r  was v i s u a l l y  examined a f t e r  t e s t i n g  f o r  any 

craz ing  of t he  coa t ing  o r  any sepa ra t ion  of t h e  coa t ing  from t h e  metal  sub- 

s t r a t e  as  t he  s t r a i n  was appl ied .  No coa t ing  i r r e g u l a r i t i e s  were e x h i b i t e d  

u n t i l  t h e  y i e l d  p o i n t  of t h e  metal s u b s t r a t e  was reached and when t h e  metal 

s u b s t r a t e  began necking down. On most specimens, t h e  metal s u b s t r a t e  had 

f a i l e d  and, on some specimens, c raz ing ,  c racking ,  o r  l i f t i n g  of t h e  coa t -  

ing was due t o  t h e  f a i l u r e  o r  y i e l d i n g  of t h e  metal i t s e l f  (F ig .33  and 34). 

The f o u r  d i f f e r e n t ,  modified Kel-F coa t ings  on t h e  aluminum s u b s t r a t e  

succes s fu l ly  met t e n s i l e  s t r a i n  t e s t  c r i t e r i a  (Table 11  and Fig .  34).  In  

gene ra l ,  t he  modified Kel-F coa t ings  on t i t an ium exhib i ted  few i r r e g u l a r -  

i t i e s .  The modified Kel-F coa t ings  ( cons i s t i ng  of  t h e  KF 640 pr imer ,  t h e  

KX 635, and microbal lons and/or Li thaf rax)  tended t o  s epa ra t e  between t h e  

primer and the  t i t an ium metal (F ig .35  and 36). Addition of t h e  ino rgan ic ,  

bonded aluminum coa t ing  t o  t h e  t i t an ium before  t h e  primer seemed t o  a l l e -  

v i a t e  t h e  adhension problem i n  some samples (Fig.  37) whi le ,  i n  o t h e r  

samples, i t  d id  not  h e l p  (Fig.  38 and 39). However, samples having t h e  

peened, i no rgan ic ,  bonded aluminum coat ing  had no adhesion problem (Fig .  

40 and 41) between t h e  t i t an ium s u r f a c e  and t h e  coa t ing  i t s e l f .  Compar- 

i son  of F ig .39  and 41 shows i d e n t i c a l  coa t ings ,  F ig .  41 having t h e  

peened, aluminum coat ing  and F i g . 3 9  having no aluminum coa t ing .  No ad- 

hes ion  l o s s  occurred between the  coa t ing  and t h e  t i t an ium metal i n  F ig .  41, 
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Figure  33 

I Figure  34 

Tes t  Temperature: -320 F 
1 Fletal  S u b s t r a t e :  Tens-50 A 1  

/. Coat ing  Type: KX 635-A 

Cracking due t o  metal  
I s u b s t r a t e  f a i l u r e .  

I 

.* -" 

Figure  35 

Tes t  Temperature:  -320 F 
Metal  S u b s t r a t e :  Ti-5A1-2.5Sn 
Coa t ing  Type: KX 635-A 

Evidence o f  l o s s  of a d h e s i o n .  

F igure  36 

T e s t  Temperature:  -320 F 
Metal  S u b s t r a t e :  Ti-5A1-2.5Sn 
Coa t ing  Type: KX 635-F 

Evidence o f  l o s s  o f  a d h e s i o n .  



Figure  3 7  
"I, 

"Cr, i ' 
Tes t  Temperature:  -320 F 

%*.mrr-- - ...----- \ b letal  S u b s t r a t e :  'Ti-5A1-2.5 Sn 
I Coa t ing  Type: KX 635-E2 
i 

Evidence of good a d h e s i o n .  

F i g u r e  3 8  

Tes t  Temperature:  77  F 
Metal  S u b s t r a t e :  Ti-5A1-2.5 Sn 
Coa t ing  Type: KX 635-E 

Evidence of l o s s  of  adhes ion  

f oar 

. = .  F i g u r e  3 9  

Tes t  Temperature:  -320 .F 
# ,  Metal  S u b s t r a t e :  Ti-5A1-2.5 Sn 

Coa t ing  Type: KX 635-H 

A Evidence o f  l o s s  o f  a d h e s i o n .  

< 

Figure  '1 0 

T e s t  Temperature:  -320 F 
bletal  S u b s t r a t e :  Ti--5A1-2.5 Sn 
Coa t ing  Type: KX 635-G 

Evidence o f  good a d h e s i o n .  



Figure  4 1  

Tes t  Temperature:  -320 F 
Metal  S u b s t r a t e :  Ti-5A1-2.5 Sn 
Coa t ing  Type: KX 635-K 

d--- --. Evidence of cohes ive  f a i l u r e .  .. 

w I Figure  -1 2 

T e s t  Temperature:  -320 F 
Metal  S u b s t r a t e  : Tens-50 A 1  
Coa t ing  Type: Epoxy - A 

Evidence o f  cohes ive  f a i l u r e .  

F igure  4 3  

T e s t  Temperature: -320 F 
Coa t ing  Type: KX 635-C 

Typica l  f l e x u r a l  f a t i g u e  t e s t  
sample showing no i r r e g u l a r -  
i t i e s  a f t e r  100,000 c y c l e s .  

F i g u r e  4 4  

T e s t  Temperature:  -320 F 
Coa t ing  Type: Epoxy-A 

Typica l  f l e x u r a l  f a t i g u e  t e s t  
sample  showing no i r r e g u l a r -  
i t i e s  a f t e r  100,000 c y c l e s .  



as compared t o  Fig. 39. Loss of the  remainder of t h e  coating i n  Fig .  41 

was s i m i l a r l y  due t o  a cohesive mater ia l  f a i l u r e  r a t h e r  than an adhesive 

f a i l u r e  as  described above. 

During examination of t h e  epoxy plasma-spray coatings l i s t e d  i n  Table 11, 

it was found t h a t  c raz ing occurred when the  y i e l d  po in t  of t h e  metal sub- 

s t r a t e  was reached, r e s u l t i n g  i n  a cohesive mater ia l  f a i l u r e  r a t h e r  than 

an adhesive f a i l u r e  on both the  t i tanium and aluminum t e s t  ba r s  (Fig. '42 

and 33) .  

Flexural  Fatigue Tests  

Flexural  f a t i g u e  specimens were t e s t e d  a t  77 F and -320 F with a t o t a l  

de f l ec t ion  of 0.10 inch using a Kxause constant de f l ec t ion  f l e x u r a l  f a t i g u e  

machine modified with adapters  f o r  immersion i n  LN2. Visual examinations 

of the  t e s t  specimens were made a t  2000, 10,000, 50,000 and 100,000 cycles .  

A l l  of the  coatings submitted f o r  t e n s i l e  s t r a i n  t e s t s  l i s t e d  i n  Table 11 

showed no mater ia l  f a i l u r e s .  Therefore, th ree  t e s t  ba r s  of each of t h e  

coatings were submitted t o  f a t i g u e  t e s t i n g  a t  -320 F and two a t  77 F t e s t -  

ing.  No p o s t t e s t  i r r e g u l a r i t i e s  were noted on any of the  samples. Fig- 

ures  43 and 44 show t h e  appearance of a t y p i c a l  modified Kel-F and a 

t y p i c a l  plasma-spray applied,  epoxy-coated f l e x u r a l  t e s t  ba r  a f t e r  100,000 

cycles a t  -320 F. 

Contraction Tes ts  

Contract ion t e s t s  t o  -320 F were performed on t h r e e  modified Kel-F d isper-  

s ion  mater ia ls  using nonstandard d i l a tomet r i c  samples. These l imi ted  t e s t s  

were performed t o  obta in  comparative da ta  between these  mater ia ls  and s i m -  

i l a r  da ta  f o r  Kel-F 81, KX 635, t i tanium, and aluminum. Samples used were 

approximately 2 by 3/4 inch by 1/8 inch thick.  Fleasurements were made 

using a d i a l  ind ica to r '  immediately a f t e r  removal from LN2. The cont rac t ion  

t e s t  da ta  with t h e  above p l a t e  samples a r e  presented i n  Fig, 32. Previous 

standard cont rac t ion  t e s t i n g  has been performed a t  Rocketdyne using a Leitz-  

Wetzlar d i la tometer  with cy l indr ica l  samples immersed i n  t h e  cryogen. 



COATED PUFlP TESTS IN LfI, 

Those coa t ing  m a t e r i a l s  found most promising during t h e  coa t ing  eva lua t ion  

t e s t s  were s e l e c t e d  f o r  coa t ing  of hardware of a  pro to type  J-2s turbopump. 

The coated p a r t s  were then evaluated i n  LH turbopump h o t - f i r e  t e s t s .  2  
Three p a r t s  from a  J-2s LH2 turbopump (S/N R006-0 and R002-2) were coated 

with organic  coa t ings  and t e s t e d  under a c t u a l  opera t ing  condi t ions .  The 

t h r e e  p a r t s  included the  inducer  f a i r i n g ,  i n l e t ,  and inducer which were 

a l l  f a b r i c a t e d  from 5 A1-2.5Sn t i t a n i u m  a l l o y .  These p a r t s  were s e l e c t e d  

t o  eva lua t e  coa t ing  ma te r i a l  and process ing  problem areas  t h a t  would have 

t o  be  solved be fo re  coa t ings  could b e  considered f o r  product ion p a r t s .  

Although no aluminum turbopump p a r t s  were coated,  no coa t ing  problems a r e  

a n t i c i p a t e d  because: (1) thermal cyc les  f o r  a p p l i c a t i o n  and fus ion  of 

both convent ional  and plasma-spray coa t ings  have been developed t h a t  do 

not d e t e r i o r a t e  t he  hea t  t r e a t  condi t ion  of aluminum a l l o y s ;  (2) aluminum 

con t r ac t s  more than  t i t an ium between ambient and cryogenic tempera tures .  

and, t h e r e f o r e ,  l e s s  thermal s t r a i n  is  appl ied  on t h e  coa t ing;  and ( 3 )  

because t h e r e  were fewer adhesion problems with the  coated aluminum samples 

t e s t e d  than with t i t an ium.  

The inducer  nosepiece f a i r i n g  presented an oppor tuni ty  t o  eva lua t e  an i n -  

s u l a t i v e  coa t ing  on t h e  ou t s ide  diameter of a  high-speed r o t a t i n g  p a r t  

with simple contours .  The i n l e t  was s e l e c t e d  f o r  eva lua t ing  organic  

m a t e r i a l s  a s  i n s u l a t i v e  coa t ings  of an ID c y l i n d r i c a l  s t a t i c  member. 

Coating t h e  e x t e r n a l  su r f aces  of t h e  inducer ,  however, p resented  a  much 

more d i f f i c u l t  problem. The geometry of t h e  p a r t  was more complex and 

r e s u l t e d  i n  s eve re  coa t ing  app l i ca t ion  problems. In add i t i on  t o  t h e  

coa t ing  problems, t h e  thermal s t r ~ i n  requirements of t h e  coa t ing  a t  c ry-  

ogenic temperatures  were more d i f f i c u l t  f o r  complex geometr ies .  F i n a l l y ,  

t h e  coa t ing  has t o  withstand both t h e  h igh -ve loc i ty  f l u i d  a s  wel l  a s  t h e  

dynamic r o t a t i n g  fo rces  inc luding  hydrodynamic b lade  loading,  v i b r a t i o n ,  

and c e n t r i f u g a l  f o r c e s .  



The t i t an ium inducer  nosepiece from t h e  Mark 29 LH2 turbopump was t h e  

f i r s t  p ro to type  hardware coated and t e s t e d .  Figures  45 and 46 show 

t h e  p a r t  p r i o r  t o  and a f t e r  coa t ing .  The nosepiece was coated with t h e  

5-percent  glass-microbal loon,  KX 635-modified coa t ing  i n  accordance with 

p rev ious ly  e s t a b l i s h e d  techniques .  The coa t ing  th ickness  was a  nominal 

0.020 inch .  

The coated inducer  nosepiece was i n s t a l l e d  i n  a  high-performance Mark 29 

turbopump (S/NROO6-0) and sub jec t ed  t o  f i v e  h o t - f i r e  t e s t s  a t  CTL-3, c e l l  

45B, Santa  Susana F i e l d  Labora tor ies .  To ta l  t ime accumulated on t h e  coated 

hardware was 1365 seconds; t h e  t e s t  summary i s  presented  i n  Table 12. 

The f i r s t  t e s t  was conducted a t  a  turbopump maximum speed of 31,750 rpm 

and 415 seconds du ra t ion .  Four subsequent t e s t s  a t  maximum speeds i n  

excess  of 34,400 rpm were conducted f o r  an a d d i t i o n a l  950 seconds dura-  

t i o n .  This speed corresponds t o  a  maximum s u r f a c e  speed of  -475 f t / s e c  

f o r  t h e  coated inducer  nosepiece.  The inducer  nosepiece was removed from 

t h e  turbopump and i n s t a l l e d  along with two o t h e r  coated p a r t s  ( i n l e t  and 

inducer )  i n  t h e  Mark 29 LH2 turbopump S/N R002-2 f o r  a d d i t i o n a l  LH2 h o t -  

f i r e  t e s t i n g .  Eight  t e s t s ,  accumulating an a d d i t i o n a l  1221 seconds dur-  

a t i o n  (Table 12 ) ,  were compiled, which brought t h e  t o t a l  t e s t  t ime t o  

2586 seconds (43 minutes) .  These e i g h t  t e s t s  were comprised of  var ious  

turbopump opera t ion  t e s t  condi t ions  inc luding  s t e a d y - s t a t e ,  low NPSH, 

s e a l  eva lua t ion ,  and SPTS s t a r t s .  

Inducer I n l e t  

The t i t an ium i n l e t  I D  of t h e  Mark 29 LH2 pump was coated with t h r e e  d i f -  

f e r e n t  organic  m a t e r i a l s .  Each ma te r i a l  was coated i n  a  complete c y l i n d e r  

t o  o b t a i n  t h e  e f f e c t s  of t h e  d i f f e r e n t i a l  c o e f f i c i e n t s  of c o n t r a c t i o n  

between t h e  organic  m a t e r i a l s  and t h e  m e t a l l i c  s u b s t r a t e .  

The f i r s t  ma te r i a l  on t h e  upstream s i d e  of t h e  inducer  was plasma-coated 

with an epoxy r e s i n  f i l l e d  wi th  20 percent  by volume L i tha f r ax .  Limita- 

t i o n s  governing spraying  angle ,  a s  e s t a b l i s h e d  dur ing  t h e  process ing  
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Figure 45 Inducer Nosepiece P r i o r  t o  Applicat ion of  Coating 
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development po r t ion  of t h i s  program, made i t  e a s i e r  t o  plasma spray t h e  

upstream por t ion  of t he  i n l e t .  The land a r e a  d i r e c t l y  preceeding t h e  I D  

of t h e  i n l e t  a l s o  was plasma sprayed with t h e  f i l l e d  epoxy ma te r i a l  i n  an 

a t tempt  t o  prevent  t h e  coa t ing  leading  edge from being l i f t e d  by t h e  flow 

of f l u i d .  

The two o t h e r  m a t e r i a l s  app l i ed  t o  t h e  i n l e t  were t h e  modified Kel-F ma- 

t e r i a l s .  The second m a t e r i a l  appl ied  ad jacent  t o  t h e  epoxy coa t ing  was 

a  KX 635 Kel-F d i s p e r s i o n  coa t ing  with a  nominal 5-percent microbal loon 

f i l l e r .  The t i t an ium s u r f a c e  was prepared i n  accordance with process ing  

techniques  acquired under t h e  development of  coa t ing  techniques e f f o r t .  

The leading  edge o f  t h e  coa t ing  was f a i r e d  t o  e l imina te  t h e  s t e p  i n  t h e  

flow pa th  of t h e  f l u i d .  

A t h i r d  ma te r i a l  was a  Kel-F coa t ing  appl ied  t o  t h e  i n l e t .  The ma te r i a l  

was a  KX 635 d i spe r s ion  coa t ing  w i t l .  nominal 5-percent g l a s s  microballoon 

and 16-percent L i tha f r ax  f i l l e r s .  The ma te r i a l  was bu t t ed  aga ins t  t h e  

preceeding Kel-F m a t e r i a l .  The th ickness  of a l l  coa t ings  was a  nominal 

0.025 inch .  The coated i n l e t  was sub jec t ed  t o  10 s t a t i c  thermal cyc l e s  

(-320 t o  77 F) without  l o s s  of adhesion between t h e  organic  coa t ings  and 

t h e  m e t a l l i c  s u b s t r a t e ,  This  p a r t  was then i n s t a l l e d  i n  t he  Mark 29 LH2 

turbopump S/N R002-2 (Fig. 4 7 )  and t e s t e d  as  d iscussed  above (Inducer  

Nosepiece s e c t i o n ) .  

Inducer Rotor 

The f i n a l  and most d i f f i c u l t  p i ece  of hardware t o  coa t  was t h e  t i t an ium 

induce r .  Because of t h e  e x c e l l e n t  r e s u l t s  from t h e  coated inducer  f a i r i n g  

t e s t s ,  t h e  same coa t ing  system was s e l e c t e d  f o r  t h e  inducer .  Appl ica t ion  

d i f f i c u l t i e s  were encountered during t h e  f i r s t  p rocess ing  at tempts  when 

t h e  coa t ing  was sprayed onto t h e  hub a r e a ,  The p a r t i c l e s  rebounded from 

t h e  t a r g e t  a rea  due t o  t h e  small  spray angle of incidence used f o r  apply- 

i n g  t h e  heav i ly  f i l l e d  ma te r i a l  i n t o  t h i s  confined space.  Some of t h e  

s o l i d  p a r t i c l e s  bounced o f f  t h e  hub and adhered t o  t h e  blade s u r f a c e s  

ad jacent  t o  t h e  hub, which r e s u l t e d  i n  a  cobweb f i n i s h .  Furthermore, t h e  

m a t e r i a l  tended t o  b u i l d  up i n  th icknesses  g r e a t e r  than  t h e  nominal va lues  

e s t a b l i s h e d .  

9 6 





The primary cause of t h i s  d i f f i c u l t y  may be  a t t r i b u t e d  t o  t h e  sprayed 

m a t e r i a l  be ing  t o o  heav i ly  f i l l e d  wi th  t h e  low con t r ac t ion  f i l l e r s .  There 

were i n s u f f i c i e n t  Kel-F r e s i n  i n  t h e  t o t a l  mixture t o  produce a uniform, 

cured coa t ing  with good cohesive s t r e n g t h .  To minimize t h e  p a r t i c l e s  from 

bouncing and producing t h e  cobweb f i n i s h ,  t h e  spraying  p re s su re  was reduced.  

This  caused an inadequate  impact f o r c e  of t h e  sprayed p a r t i c l e s  and t h e  

t a r g e t  which r e s u l t e d  i n  a poor ly  compacted coa t ing  i n  t h e  cured s t a t e .  

Because t h e  i n i t i a l  ma te r i a l  used contained approximately 20-percent g l a s s -  

microbal loon f i l l e r  added t o  t h e  base  r e s i n ,  t h e  second inducer  was coa ted  

with a m a t e r i a l  reduced t o  14-percent f i l l e r .  By reducing  t h e  f i l l e r  per -  

cen tages ,  t h i n n e r  and more uniform l a y e r s  of t h e  Kel-F m a t e r i a l  were 

app l i ed  t o  t h e  s u r f a c e .  This  s l i g h t  r educ t ion  i n  s o l i d  content  a l s o  a l -  

lowed an i n c r e a s e  i n  spraying p re s su res ,  which r e s u l t e d  i n  a more dense 

and uniform coa t ing .  Good cohesive s t r e n g t h  and proper  th ickness  l i m i t s  

p r ev ious ly  e s t a b l i s h e d  were obta ined .  The f i n a l  coa t ing  th ickness  was a 

nominal 0.05 inch  on t h e  hub and 0.010 inch  on t h e  b l ades .  

A l t e r n a t i v e  coa t ing  a p p l i c a t i o n  s o l u t i o n s  were examined t o  reduce t h e  

v i s c o s i t y  of t h e  sprayed ma te r i a l  by t h e  add i t i on  of  so lven t s .  This  tech-  

nique would decrease  t h e  percentage s o l i d  content  and allow an i n c r e a s e  

i n  spraying  p re s su res ,  which would produce a more uniform and dense coa t -  

ing .  Samples were sprayed and examined, bu t  because of t he  evapora t ion  

of t h e  a d d i t i o n a l  s o l v e n t s ,  a spongy coa t ing  f i n i s h  r e s u l t e d .  

The second coated inducer  was sub jec t ed  t o  10 low-temperature thermal 

cyc les  i n  LN2 from -320 t o  77 F without  cracking o r  any apparent l o s s  of 

adhesion of  t h e  organic  ma te r i a l  t o  t h e  m e t a l l i c  s u b s t r a t e  (Fig. 48 and 49 ) .  

The inducer  was i n s t a l l e d  i n  t h e  Mark 29 LH2 turbopump (S/N R002-2) and 

h o t - f i r e  t e s t e d  (Table 1 2 ) .  

ANALYSIS OF THE LH2 PUMP COATING TESTS 

Visual  examinations were conducted f o r  analyzing each of t h e  t h r e e  coated 

t i t an ium component p a r t s .  These observa t ions  were conducted when time was 

permi t ted  between t h e  turbopump h o t - f i r e  t e s t s .  







The exaniinations f o r  each of t h e  coated p a r t s  a re  discussed separa te ly  

i n  the  following s e c t i o n s .  

Inducer N o s e ~ i e c e  

The coated (conventionally applied KX 635 with 5-percent microballoon 

f i l l e r )  inducer nosepiece (Fig. 46 ) was f i r s t  i n s t a l l e d  and t e s t e d  i n  

J -2s  Mark 29 LH2 turbopump (S/N R006-0). The f i r s t  v i sua l  examination was 

performed a f t e r  completing t e s t  No. 41 (Table 12). The durat ion f o r  t h i s  

t e s t  was 415 seconds, and the  maximum speed was 31,750 rpm. The coat ing  

was i n  exce l l en t  condit ion,  and is  shown i n  Fig. 50 . Four add i t iona l  

high-speed, h o t - f i r e  t e s t s  were conducted a t  speeds up t o  34,600 rpm t o  

complete the  t e s t  program f o r  t h i s  turbopump bu i ld .  This maximum t e s t  

speed corresponds t o  an equivalent  coat ing t i p  speed of 475 f t / s e c .  This  

second examination revealed t h a t  t h e  nosepiece remained i n  exce l l en t  con- 

d i t i o n  a f t e r  the  f i v e  t e s t s  which accumulated a  t o t a l  t e s t  dura t ion  of 

1365 seconds (22.75 minutes).  No loss  of adhesion of the  coating t o  t h e  

s u b s t r a t e ,  cracking, s p a l l i n g ,  o r  any o the r  anomalies i n  the  coating was 

noted from the  p o s t t e s t  condit ion.  This nosepiece i s  shown p o s t t e s t  i n  

Fig. 47 i n  t h e  Mark 29 LH2 (S/N R002-2). The turbopump was l a t e r  reassem- 

b led  u t i l i z i n g  the  coated i n l e t ,  induc-er, and the  inducer nosepiece. This 

turbopump b u i l d  was then h o t - f i r e  t e s t e d  a t  t h e  various t e s t  condit ions 

l i s t e d  i n  Table 12. A v i s u a l  examination was conducted a f t e r  t h r e e  LH2 

turbopump h o t - f i r e  t e s t s  were completed with t h i s  bu i ld .  The add i t iona l  

dura t ion  f o r  these  t e s t s  was 459 seconds, and t h e  maximum r o t a t i n g  speed 

was 27,865 rpm. The coating was i n  excel lent  condit ion except f o r  numerous 

small nicks t h a t  were sus ta ined from impact of fore ign mater ia l .  

Five add i t iona l  t e s t s  which included low NPSH, SPTS s t a r t ,  s e a l  evaluat ion ,  

and a  s teady s t a t e  were conducted t o  complete the  t e s t  program. The accumu- 

l a t ed  t o t a l  t e s t s  and t e s t  time were 13 runs and 2586 seconds (43 .1  min- 

u t e s ) ,  r e spec t ive ly .  On completion of t h e  t e s t i n g ,  a  v i s u a l  examination 

was conducted which revealed t h a t  t h e  coating appeared i n  the  same good 





condi t ion  as  t h e  preceding in spec t ion .  Figure 51 shows t h e  p o s t t e s t  con- 

d i t i o n  of the  coa t ing .  Note t h e  small  n i cks  t h a t  were a t t r i b u t e d  t o  t h e  

impact of fo re ign  m a t e r i a l .  Other than  t h e s e  small  n i c k s ,  t h e  coa t ing  

m a t e r i a l  was i n  e x c e l l e n t  cond i t i on ,  showing e x c e l l e n t  adhesion and cohe- 

s i o n  of t h e  coa t ing .  

Inducer I n l e t  

The i n l e t  coated c i r cumfe ren t i a l l y  wi th :  (1) t h e  plasma-spray depos i ted  

epoxy coa t ing ,  (2) t he  convent ional ly appl ied  KX 635 with 5-percent micro- 

ba l loon  f i l l e r ,  and (3) t h e  convent ional ly appl ied  KX 635 with 5-percent 

microballoon and 16-percent nega t ive  c o e f f i c i e n t  of expansion m a t e r i a l  was 

examined a f t e r  t h e  t h r e e  h o t - f i r e  t e s t s  (459 seconds dura t ion)  were com- 

p l e t e d  wi th  Mark 29 turbopump S/N R002-2 . The observa t ions  obta ined  

a r e  a s  fo l lows:  

1. Plasma Spray-Deposited Epoxy Coating. No m a t e r i a l  f a i l u r e  was 

observed a f t e r  t h e  t h r e e  pump t e s t s .  The small  mud cracks  t h a t  

developed during t h e  i n t i a l  thermal cyc l ing  d id  no t  propagate ,  

and t h e r e  was no apparent  l o s s  of  adhesion t o  t h e  metal  s u b s t r a t e .  

2. Conventionally Applied KX 635 Plus 5-Percent Microballoon F i l l e r .  

This coa t ing  was e s s e n t i a l l y  i n t a c t ,  A s l i g h t  removal of m a t e r i a l  

was no t l ced  a t  t h e  j o i n t  between t h e  epoxy coa t ing  and t h e  above 

coa t ing .  The Kel-F ma te r i a l  was fea the red  down a t  t h e  j o i n t ,  and 

tAis apparent  chipping of t h e  coa t ing  was probably caused by t h e  

e r o ~ i v e  a c t l o n  of t h e  high-speed f l u i d  and i s  n o t  a cause of con- 

cern because t h e  a c t u a l  coa t ing  was i n  s a t i s f a c t o r y  condi t ion .  

3. Conventionally Applied KX 635, Plus  5-Percent Microballoon, P lus  

16-Percent Negative Coe f f i c i en t  of Expansion Mate r i a l .  A cohesive 

sepa ra t ion  between t h e  c l e a r  t op  coat  and f i l l e d  Kel-F coa t ings  

was observed. The m a t e r i a l ,  however, d i d  not  s e p a r a t e  from t h e  

metal s u b s t r a t e  and maintained a continuous coa t ing  f o r  360 F .  

The Kel-F d i spe r s ion  ma te r i a l  apparent ly  had i n s u f f i c i e n t  r e s i n  

content  t o  maintain a s a t i s f a c t o r y  cohesive coa t ing  cond i t i on .  





The remaining f i v e  t e s t s  were completed and t h e  accumulated t o t a l  t e s t s  

and t e s t  time were e i g h t  runs and 1221 seconds (20.35 minutes) ,  r e s p e c t i v e l y .  

The cond i t i on  of t he  coa t ings  d i d  not  d e t e r i o r a t e  from t h a t  observed a f t e r  

t h e  459 seconds of  turbopump t e s t i n g  except f o r  t h e  plasma-sprayed epoxy 

coa t ing .  A 2-inch p i ece  about one-half t h e  coa t ing  width was missing.  

F igure  5 2  shows t h e  coated i n l e t  i n  t h e  p o s t t e s t  condi t ion .  

Inducer Rotor 

Visual  examination of t he  coated (KX 635 p l u s  5-percent microballoon f i l l e r )  

inducer ,  a f t e r  t h e  completion of t h e  i n i t i a l  t h r e e  h o t - f i r e  t e s t s  (459 

seconds dura t ion)  with t h e  Mark 29 turbopump (S/N R002-2),revealed t h a t  

approximately 80 percent  of t h i s  coa t ing  was removed from t h e  upstream s i d e  

of t h e  inducer  b l ades .  The coa t ing  ma te r i a l  f a i l e d  adhes ive ly ,  between 

t h e  ino rgan ic ,  bonded, aluminized coa t ing  (sermetel)  and t h e  metal  s u b s t r a t e .  

The examination of  t h e  m e t a l l i c  s u b s t r a t e  and r e s i d u a l  coa t ing  m a t e r i a l  

found i n  t h e  system ind ica t ed  t h a t  t h e  s u r f a c e  of t h e  s u b s t r a t e  was n o t  

adequately prepared p r i o r  t o  a p p l i c a t i o n  of t h e  coa t ing  system. 

The remaining f i v e  t e s t s  were completed and t h e  inducer  re-examined. The 

condi t ion  of t h e  coa t ing  d i d  not  d e t e r i o r a t e  from t h a t  observed a f t e r  459 

seconds turbopump t e s t i n g .  The observa t ions  and conclusions d iscussed  

a f t e r  t h e  i n i t i a l  t h r e e  t e s t s  on t h e  condi t ion  of t h e  coa t ing  m a t e r i a l ,  

t he re fo re ,  remains t h e  same. 

From t h e  examination of t h e  hardware, t h e  fol lowing conclusions were made: 

1. The p repa ra t ion  of t h e  s u b s t r a t e  should be  improved p r i o r  t o  

a p p l i c a t i o n  of t h e  coa t ing  system. The s u r f a c e  seemed smooth 

when compared t o  t h e  r e l a t i v e l y  rough s u r f a c e  necessary f o r  good 

bonding of t h e  aluminized in te rmedia te  coa t ing  t o  t h e  t i t an ium.  

2 .  The th ickness  of  t h e  coa t ing  on t h e  inducer  hub was two t o  t h r e e  

t imes t h a t  des i r ed .  This  may have l e d  t o  l a r g e  thermal s t a i n s  

and t h e  i n i t i a t i o n  of c racks  because of increased  thermal con- 

t r a c t i o n  of t h e  t h i c k  m a t e r i a l s .  The coa t ing  f a i l u r e  may have 

been i n i t i a t e d  from t h e s e  c racks .  





3 .  The LH2 t e s t i n g  of t h e  thermally coated,  f u l l - s c a l e  Mark 29 f u e l  

turbopump, opera t ing  under severe  cond i t i ons ,  has been a  r e l a t i v e  

success .  (The Nark 29 f u e l  inducer  has encountered problems of 

b lade  v i b r a t i o n  and f a t i g u e . )  The r e s u l t s  of s t a t i c  and f l e x u r a l  

t e s t s  on t i t an ium and aluminum labora tory  samples and ac tua l  hard-  

ware have demonstrated the  f e a s i b i l i t y  of  bonding Kel-F and 

plasma-sprayed epoxy thermal coa t ings  succes s fu l ly ;  however, 

f u r t h e r  ref inement  of t h e  a p p l i c a t i o n  process  and technique w i l l  

be r equ i r ed .  



I I  I  : ENGINE SYSTEPI ANALYSES 

In t h i s  t a sk  an'ilyses t o  i n v e s t i g a t e  engine s t a r t  f o r  var ious  engine pre-  

condi t ion ing  and r e s t a r t  requirements were conducted. System precondi t -  

ioning,  two-phase pumping c a p a b i l i t i e s ,  coa t ing  e f f e c t s ,  and t h e  ana lys i s  

of  Sa turn  S-IVB s t a g e  fue l - l ead  chilldown were a reas  emphasized. A math- 

emat ica l  model of  t he  engine was formulated and used i n  t h e  s tudy  of  engine 

ope ra t ion  dur ing  s t a r t  and r e s t a r t .  Trans ien ts  p red ic t ed  with the  model 

and r e s u l t s  o f  t h e  system s tudy  t o  eva lua te  l i q u i d  hydrogen pump improve- 

ments a r e  presented.  A s t a r t  sequence with fue l - l ead  thermal condi t ion ing  

o f  t h e  5 - 2  engine system was analyzed t o  provide a  backup s t a r t  sequence 

i n  t h e  event  t he  normal pump r e c i r c u l a t i o n  precondi t ion ing  system became 

inope ra t ive .  

PUPilP THERMODYNMlIC D E S I G N  LIPlITATIONS 

Various two-phase and inducer  flow phenomena were s t u d i e d  and t h e o r e t i c a l l y  

analyzed,  The t h e o r e t i c a l  p r e d i c t i o n s  were compared wi th  fou r  s e t s  of  

t e s t  da t a .  Blade blockage f r a c t i o n  and inducer  lead ing  edge incidence-  

t o -b l  ade angle r a t i o  a r e  two f a c t o r s  t h a t  can l i m i t  two-phase pumping 

c a p a b i l i t y  and t h e i r  i n f luence  on al lowable i n l e t  vapor volume f r a c t i o n  

was determined. Other f a c t o r s  t h a t  can l i m i t  two-phase pumping c a p a b i l i t y  

a re :  inducer  s t a t o r  c a v i t a t i o n ,  choking i n  t h e  annulus a t  t h e  inducer  

b lade  leading  edges, and vapor r e c i r c u l a t i o n .  These l i m i t a t i o n s  can be 

avoided by: us ing  t h i n  s t a t o r  b lades  with p o s i t i v e  incidence a t  des ign  

and uncambered leading  edges; u s ing  an inducer  i n l e t  annulus l a r g e  enough 

t o  pass  t he  flow during an equi l ibr ium flow process  through t h e  pump i n l e t  

a r ea  con t r ac t ion  upstream of  t h e  inducer  b lade  leading  edges, and avoiding 

r e c i r c u l a t i o n  of any vapor through t h e  inducer .  

The above l i m i t s  t o  two-phase pumping c a p a b i l i t y  were used t o  determine 

t h e  b e s t  approach t o  design an inducer  f o r  opera t ion  with zero tank NPSH. 

To minimize the  requi red  tank s a t u r a t i o n  p re s su re  dur ing  design ope ra t ion ,  



inducers  should have l a rge  i n l e t  diameters  (low design flow c o e f f i c i e n t s )  

and l a r g e  b lade  leading  incidence angles .  However, t he  l a t t e r  involves a 

compromise with t h e  range of  two-phase pumping c a p a b i l i t y  a t  low flow coef-  

f i c i e n t s .  For a given design i n l e t  flow c o e f f i c i e n t ,  decreas ing  the  design 

r o t a t i o n a l  speed a l s o  reduces t h e  requi red  tank s a t u r a t i o n  pressure .  Thus, 

a low-speed inducer  can be used t o  ob ta in  zero tank-NPSH performance. 

The l i m i t s  t o  two-phase pumping c a p a b i l i t y  were a l s o  used t o  e s t ima te  t h e  

two-phase pumping performance o f  t h e  Mark 15 l i q u i d  hydrogen pump and t o  

p r e d i c t  t h e  e f f e c t s  o f  hea t  r e j e c t i o n  from a warm pump on hydrogen pump 

d ischarge  p re s su re  over  a range o f  cold pump d ischarge  pressures .  The 

r e s u l t s  were used t o  analyze t h e  feed  system condi t ions  t h a t  would be 

encountered dur ing  r e s t a r t  f o r  t h e  Sa turn  S-IVB s t a g e  during f l i g h t s  AS-504 

and AS-505 (page 174) .  

Two-Phase Compressible Flow 

Because t h e  cons tan t  qual i ty , two-phase flow process  Mach numbers r e l a t i v e  

t o  t h e  inducer  l ead ing  edge RMS diameters ranged between 0.5 and 2.0 f o r  

t h e  inducer  t e s t  d a t a  analyzed, an ana lys i s  of  two-phase compressible flow 

was conducted t o  determine t h e  condi t ions  under which choking would occur  

i n  t h e  inducer  flow passages.  A cons t an t -qua l i t y  flow process  was assumed 

because, w i th in  an inducer ,  t h e  flow v e l o c i t i e s  a r e  high and t h e  a r e a  

changes a r e  r e l a t i v e l y  sudden. In add i t i on ,  an isothermal  gas (Eq.  18) 

was assumed 

" v - = cons tan t  
P 

r a t h e r  than an i s e n t r o p i c  gas ( E q .  19 ) .  This was done t o  s impl i fy  t h e  flow 

equat ions . 



An acous t i c  v e l o c i t y  check ind ica t ed  t h a t  t h i s  i s  a reasonable approxi-  

mation. In r e a l i t y ,  some degree of  vapor iza t ion  and/or condensation w i l l  

occur and, t h e r e f o r e ,  t he  more compressible isothermal  gas assumption could 

approximate t h e  r e a l  s i t u a t i o n  more c l o s e l y  than t h e  i s e n t r o p i c  gas assump- 

t i o n .  I t  i s  f e l t  t h i s  i s  j u s t i f i e d  wi th in  t h e  e x i s t i n g  knowledge o f  s i n g l e -  

component, two-phase flow. 

Equations 20, 21, and 2 2  a r e  t h e  b a s i c  flow equat ions used f o r  t he  a n a l y s i s  

cons tan t  q u a l i t y  flow process  with an isothermal  gase,ous phase. 

For subsonic  flow, M2 i n  Eq. 20 and 2 1  was s e t  equal  t o  1 and t h e  r e s u l t -  

i n g  equat ions (Eq .  23 and 24) were solved simultaneously t o  ob ta in  t h e  

choking a r e a  r a t i o  a s  a  func t ion  of  en t rance  values of  Mach number and 

vapor voiume f r a c t i o n .  

For two-phase mixtures of l i q u i d  water and gaseous n i t rogen  (which, of 

n e c e s s i t y ,  follow a cons tan t  q u a l i t y  flow p roces s ) ,  R. B. Eddington 

(Ref. 16) proved experimental ly  t h a t  normal and obl ique  shock waves 



occur i n  cons tan t  q u a l i t y  two-phase flow. In a d d i t i o n ,  he obtained exce l -  

l e n t  agreement wi th  t h e o r e t i c a l  cons tan t  q u a l i t y  p red ic t ions  i n  which t h e  

gaseous phase was assumed t o  be isothermal .  

Because most of  t h e  two-phase hydrogen pump t e s t  d a t a  were taken a t  

induces i n l e t  r e l a t i v e  Mach numbers between 1 and 2 and because an inducer  

b lade  may be considered a s  a  wedge with an angle o f  approximately 2 degrees ,  

t h e  normal and obl ique  shock wave r e l a t i o n s h i p s  were developed t o  p r e d i c t  

t h e  choking a r e a  r a t i o  downstream o f  t h e  inducer  i n l e t .  

The normal shock flow equat ions (Eq. 25, 26,  and 27) f o r  t h i s  type o f  

flow process  a r e  q u i t e  simple. 

The choking a r e a  r a t i o s  a r e  obtained by applying Eq. 23 and 24  t o  t h e  

downstream condi t ions .  

Equations 28 through 31 p r e d i c t  t h e  flow c h a r a c t e r i s t i c s  across  obl ique  

shocks i n  t h i s  type  o f  flow process .  

- 1 
M1 - 

t an  ( a  - 6)1 s i n  .+FA tan a 

- M2 - 1 
F4 s i n  a s i n  (0- 6 )  
1 

2 . 2 '  -- = i1i2 s i n  o 
1 



The geometry of  an obl ique shock wave i s  sliown i n  Fig. 53. The co r re s -  

ponding choking a r e a  r a t i o s  a r e  obtained by, a s  with t h e  normal shocks, 

applying E q .  23 and 24 t o  t he  downstream condi t ions .  

Figure 54, which was generated from Eq. 2 3  through 31, i l l u s t r a t e s  t h e  

flow c h a r a c t e r i s t i c s  ac ros s  both normal and obl ique  shocks and the  chok- 

ing  a r e a  r a t i o s  between Mach numbers of 0 .3 and 3.0. For t h e  obl ique  

shocks, a  t y p i c a l  inducer  blade leading  edge wedge angle of  2 degrees 

was assumed. Note t h a t  t h e r e  a r e  two obl ique shock wave s o l u t i o n s  f o r  

each upstream condi t ion  a t  which an obl ique shock e x i s t s .  One s o l u t i o n  

i s  a  weak shock i n  which the  shock angle 0 i s  small  and t h e  downstream 

Mach number can be g r e a t e r  than 1.0. The o t h e r  s o l u t i o n  i s  a  s t r o n g  shock 

i n  which the  shock angle a i s  l a rge  and t h e  downstream B4ach number i s  

always both l e s s  than  1 and l e s s  than t h e  weak shock value.  As d iscussed  

i n  Ref. 1 7 ,  t h e  proper  s o l u t i o n  i s  a  func t ion  o f  t h e  downstream flow 

condi t ions .  

The important conclusion t o  be drawn from Fig. 54 i s  t h a t ,  between upstream 

Mach numbers of 0.6 and 1.8 and f o r  upstream vapor volume f r a c t i o n s  up t o  

50 pe rcen t ,  10-percent a r e a  con t r ac t ion  w i l l  cause downstream choking t o  

occur ,  t h i s  corresponds t o  A * 2  being 90 percent  of  t h e  en t rance  flow a r e a  A . 
1 

Inducer Blade Blockape 

The flow model t h a t  b e s t  p r e d i c t s  t h e  l i m i t  t o  two-phase pumping c a p a b i l i t y  

i s  t h e  inducer  b l ade  blockage model. Refer r ing  t o  Fig. 55, t h e  minimum 

s t a t i c  pressure  is upstream of  t h e  inducer  lead ing  edge a s  long as  t h e  

i n l e t  flow c o e f f i c i e n t  [which i s  t h e  r a t i o  of  t h e  i n l e t  a x i a l  v e l o c i t y  (Cm) 

t o  t h e  blade t a n g e n t i a l  v e l o c i t y  (U) and i s  t h e  tangent  of  t h e  en t rance  

flow a n g l e @ -  i)] i s  low enough t o  permit t h e  flow a r e a  wi th in  the  inducer  

t o  be g r e a t e r  than t h e  en t rance  flow a r e a  (Fig. 55a). However, when t h e  

combined e f f e c t s  of  high flow c o e f f i c i e n t  and b lade  blockage cause t h e  



Figure 5.3. Fldw Geometry f o r  Oblique Shock Wave 



UPSTREAM MACH NUMBER, MI 

Figure 54 Effec t  of Vapor Volume Frac t ion  on Constant-Qual i ty ,  Two- 
Phase Flow o f  an Isothermal Gas 



a) LOW FLOW COEFFlClENh OPERATION 

A2>A1' P2> 

b) HIGH FLOW COEFFICIENT OPERATION 

Figure 55 Inducer I n l e t  Flow Geometry a t  Low and High Flow Coeff ic ien t  
Operat ions  



minimum flow a rea  t o  be within t h e  inducer  b lade  passages (Fig. 55b), t h e  

minimum s t a t i c  p re s su re  occurs wi th in  the  blade passages and, consequent ly,  

t h e  i n l e t  p re s su re  must be g rea t  enough t o  fo rce  t h e  flow through t h e  b lades .  

This blade blockage l i m i t  i s  a c t u a l l y  a  choking l i m i t .  For example, assum- 

i n g  an i n l e t  p re s su re  of  15 p s i a ,  an i n l e t  v e l o c i t y  of  600 f t / s e c ,  and 

l i q u i d  flow a t  t he  i n l e t ,  an a r e a  con t r ac t ion  o f  only 4  percent  (A2/A1=0.96) 

would reduce t h e  pressure  t o  0 p s i a  i f  t h e  flow remained l i q u i d .  This would 

almost c e r t a i n l y  cause a  po r t ion  o f  t h e  l i q u i d  t o  f l a s h  i n t o  vapor. Assum- 

ing  a  cons tan t  q u a l i t y  flow process  downstream of  t h e  f l a s h i n g  po in t  and a  

r e l a t i v e  Mach number range of 0.6 t o  1.8 ( t he  two-phase pump t e s t  d a t a  range) ,  

t h e  corresponding values o f  choking a r e a  r a t i o  (A2*/A1) a r e  g r e a t e r  than 0.9 

(Fig. 54, t h e  normal shock curves approximate t h e  A2*/A1 f o r  t h i s  case)  and, 

t h e r e f o r e ,  a  subsequent a r e a  con t r ac t ion  of  l e s s  than 10 percent  would 

cause choking. 

In t h e  event  t h a t  t h i s  type of flow fol lows an equi l ibr ium flow process ,  

choking would occur  as  soon a s  t h e  l i q u i d  s a t u r a t i o n  l i n e  was reached 

because,  f o r  an i s e n t r o p i c  expansion t h a t  c rosses  t h e  l i q u i d  s a t u r a t i o n  

l i n e  and f o r  inducer  b lade  r e l a t i v e  v e l o c i t i e s  t h a t  a r e  c u r r e n t l y  used 

(U >200 f t / s e c ) ,  t h e  maximum flow pe r  u n i t  a r e a  occurs  a t  t h e  s a t u r a t i o n  

l i n e .  

I f  t h e  flow e n t e r i n g  t h e  b lade  row i s  two-phase, l e s s  than  10-percent  a r e a  

con t r ac t ion  w i l l  a l s o  cause choking i f  t h e  i n l e t  r e l a t i v e  Mach numbers a r e  

between 0.6 and 1 .8  (Fig. 54 ) . An i n t e r e s t i n g  f e a t u r e  of t h e  two-phase 

flow ent rance  condi t ion  i s  t he  r e s u l t i n g  shock wave p a t t e r n s .  Assuming 

opera t ion  a t  t h e  design l i q u i d  flow c o e f f i c i e n t ,  t h e  e f f e c t  o f  i n l e t  vapor 

volume f r a c t i o n  on two-phase flow c o e f f i c i e n t ,  i n l e t  r e l a t i v e  Mach number, 

p re s su re  and s u c t i o n  su r f ace  wedge angles ,  and downstream-to-inlet a r e a  

r a t i o  (A / A  ) a r e  shown i n  Fig. 56 f o r  a  t y p i c a l  inducer  ope ra t ing  condi- 2 1 
t i o n .  For vapor f r a c t i o n s  over about 29 percent ,  a  normal shock a t t ached  

t o  t h e  p re s su re  su r f ace  was found t o  occur between 5 and 20 percent  vapor 

volume f r a c t i o n ,  an obl ique  shock a t tached  t o  t h e  p re s su re  su r f ace  was 

found t o  occur  between 20 and 43 percent  vapor volume f r a c t i o n ,  and an 

obl ique  shock was found a t tached  t o  t h e  suc t ion  su r f ace .  
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Figure 5 6 .  Effect of Vapor Volume Frac t ion  on Inducer  I n l e t  Flow Conditions 
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Because t h e  al lowable 10-percent e f f e c t i v e  a r ea  con t r ac t ion  could be caused 

by boundary l a y e r  growth, i t  may be concluded t h a t ,  when the  i n l e t  flow i s  

s a t u r a t e d ,  choking i s  l i k e l y  whenever t h e  inducer  i n l e t  flow c o e f f i c i e n t  i s  

high enough such t h a t  t h e  i n l e t  flow a r e a  i s  equal  t o  t h e  geometrical flow 

a r e a  wi th in  t h e  inducer  blades (A / A  = 1 )  This i s  t r u e  r ega rd l e s s  o f  
2 1 

whether t he  i n l e t  flow i s  two phase o r  a  s a t u r a t e d  l i q u i d .  I f  AZ/A1 i s  

l e s s  than 1, t h e  pump i n l e t  must be increased  t o  avoid having t h e  flow 

reach i t s  vapor p re s su re  before it reaches t h e  minimum flow area .  Under 

t hese  circumstances,  t h e  pump i n l e t  flow must be a  pure l i q u i d .  By us ing  

Bernoull i  ' s  equat ion and con t inu i ty  and s e t t i n g  t h e  i n t e r n a l  b lade  pres-  

s u r e  P2 equal t o  t h e  vapor p re s su re ,  t he  amount o f  I\JPSI-I requi red  t o  avoid 

choking becomes: 

2  NPSH r =  += r n 2  + (1 + m 2 )  
u 

where 

A1 - s i n  (6 - i )  - - --- 
A2 ( 1  - B) s i n @  

4 = t an  (6 - i )  

Using the  Mark 25 inducer  geometry and determining the c a v i t a t i o n  param- 

e t e r  ( T )  a t  t h e  i n l e t  F3IS diameter ,  t h e  inf luences  of  b lade  blockage ( B )  

(Fig.. 55b)and design incidence-to-blade angle r a t i o  (i/(3)des on Mark 25 

inducer  performance were determined (Fig. 5 7 ) .  I t  i s  apparent t h a t  

reducing B and inc reas ing  i / B  w i l l  i nc rease  t h e  flow c o e f f i c i e n t  a t  which 

t h e  blockage l i m i t  occurs .  

As d iscussed  before ,  two-phase flow w i  11 a l s o  choke when A2/A1 equals  

1 and, t h e r e f o r e ,  t he  blockage l i m i t s  on Fig. 57 a l s o  apply t o  t h e  two- 

phase flow c o e f f i c i e n t .  The volume f lowra te  of  vapor t h a t  can be pumped 

i s  equal t o  t h e  d i f fe rence  between t h e  volume f lowra te  a t  t h e  l i m i t  and 

t h e  l i q u i d  volume f lowrate .  Wri t ing t h i s  i n  terms of  flow c o e f f i c i e n t  

r a t i o s  by t r e a t i n g  t h e  vapor as  a  void f r a c t i o n ,  
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Figure 5 7 .  E f f e c t  of Var ia t ion  i n  Blockage and Design Incidence on Mark 25 
Inducer  Cavi ta t ion  Performance i n  LH2 
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Therefore,  t h e  al lowable vapor volume f r a c t i o n  decreases  l i n e a r l y  from 

100 percent  a t  $ L  = 0 t o  0 percent  when aL = @*.  Equation 35 can be 

reduced t o  much more b a s i c  terms by making a  few simple approximations. 

Because A /A,  equals  1 a t  t h e  blockage l i m i t  and because t h e  flow angles  1 '- 
a r e  smal l ,  E q .  33 reduces t o :  

- s i n  ( B  - i * )  1 - ( i / B ) *  - - -. -- = 1 
A2 

(1 - B) s i n f 3  1 - B  

so lv ing  f o r  ( i /C)*,  

Therefore,  

F i n a l l y ,  s u b s t i t u t i n g  t h i s  i n t i  E q .  35 , t h e  al lowable vapor volume f r ac -  

t i o n  becomes the  fol lowing func t ion  of  l i q u i d  t o  design flow c o e f f i c i e n t  

f r a c t i o n ,  design incidence-to-blade angle r a t i o ,  and blockage f r a c t i o n :  

Using t h i s  equat ion and assuming opera t ion  a t  t h e  design l i q u i d  flow 

c o e f f i c i e n t  (based on l i q u i d  volume f lowra te ) ,  t he  i n f luences  o f  blockage 

f r a c t i o n  and inducer  lead ing  edge inc idence- to-b lade  angle r a t i o  on allow- 

ab le  i n l e t  vapor volume f r a c t i o n  were determined (Fig. 5 8 ) .  A s  shown, 

t h e  al lowable vapor f r a c t i o n s  f o r  e x i s t i n g  high t i p  speed inducers  could 

be increased  from 20 percent  t o  45 percent  by redes igning  a t  t h e  maximum 

leading  edge incidence angle t h a t  w i l l  permit two-phase pumping. By 

us ing  a low speed inducer  t o  minimize b lade  th ickness ,  a  f u r t h e r  i nc rease  

t o  55 percent  shoudd be poss ib l e .  The ope ra t ing  regions f o r  such a 

des ign  a r e  shown i n  Fig. 5 9 .  



Figure 58 Effec t  o f  Incidence Angle and Blockage on Vapor Pumping 
Capacity of LH2 Inducers a t  Design Liquid Flow Coef f i c i en t  
Operation 
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Figure  59 Maximum Vapor Pumping C a p a b i l i t i e s  of Hydrogen Pumps 
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Test  Data Analysis 

The t h e o r e t i c a l  p r e d i c t i o n s  obtained from two-phase flow a n a l y s i s  were com- 

pared with four  s e t s  o f  experimental t e s t  d a t a  f o r  LH2 pumps and inducers .  

P e r t i n e n t  design and t e s t  d a t a  f o r  t h r e e  o f  t hese  pumps and inducers  a r e  

l i s t e d  i n  Table 13 i n  t h e  o rde r  o f  i nc reas ing  design flow c o e f f i c i e n t .  

The Elark 15 LH2 pump was t e s t e d  i n  two-phase hydrogen a t  Rocketdyne under 

t h e  J-2X engine program. Two-phase hydrogen was generated by a Frantz  

screen  t h a t  was i n s t a l l e d  upstream o f  t h e  pump i n l e t .  The vapor f r a c t i o n s  

were determined from measurements of  p re s su re  and temperature i n  t h e  pu re  

l i q u i d  upstream o f  t h e  screen  and i n  t h e  two-phase f l u i d  downstream o f  t h e  

screen.  The t e s t  pump p r e s s u r e - r i s e  f r a c t i o n s  a r e  shown i n  Fig.60 and 

61 a s  a func t ion  of  i n l e t  l i n e  vapor volume f r a c t i o n  and i n l e t  l i n e  

hydrogen temperature.  

The model Mark 29 LH2 inducer  was t e s t e d  i n  water a t  Rocketdyne under t h e  

J -2s  engine program. No pump i n l e t  vapor f r a c t i o n s  were obta ined  because 

these  were c a v i t a t i o n  t e s t s  and t h e  t e s - t  f l u i d  was water. However, t h e  

wide range of flow c o e f f i c i e n t s  over  which t h i s  inducer  was t e s t e d  pro- 

vided an e x c e l l e n t  i l l u s t r a t i o n  o f  t h e  e f f e c t s  of  b lade  blockage. 

Rocketdyne's Mark 25 hydrogen pump was t e s t e d  i n  two-phase hydrogen by 

the  Nuclear Rocket Development S t a t i o n  i n  Nevada(under t h e  Univers i ty  o f  

C a l i f o r n i a  Contract  No. CTZ 39600-4). The method used t o  genera te  and 

measure vapor a t  t he  pump i n l e t  was similar t o  t h a t  used i n  t h e  p rev ious ly  

d iscussed  Mark 15 LH2 pump two-phase hydrogen t e s t i n g .  The r e s u l t i n g  pump 

p r e s s u r e - r i s e  f r a c t i o n s  a r e  shown i n  Fig. 62 a s  a func t ion  o f  i n l e t  vapor  

volume f r a c t i o n ,  i n l e t  s a t u r a t i o n  p re s su re ,  i n l e t  l i q u i d  volume f lowra te ,  

and pump r o t a t i o n a l  speed. 

A NASA inducer  (Ref. .18) was a l s o  t e s t e d  i n  both LH2 and two-phase hydrogen 

a t  NASA Lewis Research Center.  For t h e  two-phase t e s t s ,  vapor was gener- 

a t e d  upstream o f  t h e  pump i n l e t  by hea t ing  t h e  i n l e t  duct .  The vapor volume 

f r a c t i o n s  and NPSH a t  t h e  pump i n l e t  were then obta ined  from t h e  var ious  

pump i n l e t  measurements of  p re s su re ,  temperature,  and h e a t i n g  r a t e ,  
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I n l e t  Line Vapor Volume Fract ion,  a Percent 

Figure 60.  Mark 15 LH - Pump Two-Phase Flow Data a t  a 
Hydrogen ~ T o w r a t e  of 8200 gpm 



I n l e t  Line Vapor Volume Frac t ion  a ,  Percent  

Figure 61. Mark 15 LH2 Pump Two-Phase Flow Data a t  a Flowrate 
o f  8600 gpm 



I N L E T  L I N E  VAPOR VOLUME F R A C T I O N , a ,  % 

Figure 62 Mark 25 LH Pump Tow-Phase Flow Data With Hydrogen 
2 



Inducer Blade Blockage 

For t h e  NASA inducer ,  c o r r e c t i n g  the  l i q u i d  flow c o e f f i c i e n t  t o  account f o r  

t h e  i n l e t  vapor f r a c t i o n  (Eq. 40) caused the  two-phase d a t a  t o  f a l l  on top  

of  t h e  l i q u i d  d a t a  (Ref. 18).  

This supports  t h e  theory t h a t  t h e  blockage l i m i t  i s  a  func t ion  of flow 

c o e f f i c i e n t  f o r  e i t h e r  two-phase o r  l i q u i d  flow. The d a t a  crossed t h e  
L 

NPSH = C, /2g l i n e  a t  a  flow c o e f f i c i e n t  of 116 percent  of  design,  thereby  

i n d i c a t i n g  t h a t  pump i n l e t  p r e s s u r i z a t i o n  above s a t u r a t i o n  i s  necessary t o  

ope ra t e  a t  high flow c o e f f i c i e n t s  and, t h e r e f o r e ,  t h i s  i s  t h e  two-phase 

pumping l i m i t .  These r e s u l t s  support  t h e  blade blockage theory because 

t h e  33-percent p red ic t ed  value of blockage a t  t h e  c ross ing  p o i n t  agrees  

with t h e  a c t u a l  value (with 10-percent boundary l aye r ) .  A t  high flow 

c o e f f i c i e n t s ,  t h e  d a t a  p a r a l l e l e d  the  25-percent blockage p red ic t ions .  

This ,  i n  t u r n ,  agrees  with t h e  zero boundary l a y e r  blockage es t imate .  

This v a r i a t i o n  i n  blockage i s  probably t h e  r e s u l t  o f  l e s s  flow d i s t o r t i o n  

a t  high flow c o e f f i c i e n t s  because the  flow i s  e n t e r i n g  t h e  blade row more 

d i r e c t l y  (Fig. 55). 

A t  h igh  flow c o e f f i c i e n t s ,  t h e  model Mark 29 LH inducer  d a t a  p a r a l l e l  t h e  2  
27- t o  31-percent blockage p red ic t ion  curves.  This agrees  with t h e  a c t u a l  

blade blockage wi th  10-percent boundary l a y e r  r a t h e r  than (as with t h e  NASA 

inducer )  t h e  zero boundary l a y e r  blockage value.  Poss ib le  reasons f o r  t h i s  

d i f f e r ence  may be t h e  thermodynamic suppression head e f f e c t  i n  hydrogen 

and t h e  tapered  hub e f f e c t  on A2 f o r  t h e  Mark 29 LH2 inducer .  

For t h e  Mark 15 and t h e  Mark 25 LH2 pumps, t h e  10-percent l o s s  i n  pump 

p res su re  r i s e  d a t a  p o i n t s  from Fig. 60, 61, and 62 a r e  shown i n  Fig. 63 

and 64, r e spec t ive ly .  With t h e  except ion of t h e  high flow c o e f f i c i e n t  

d a t a  p o i n t s ,  most of  t h e  d a t a  f a l l  between t h e  zero and t h e  10-percent 

boundary l a y e r  p r e d i c t i o n s .  
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Figure 64. Comparison o f  Flark 15 LII Pump Two-Phase Flow 
Test  Resul t s  With ~ h e o r e g i c a l  P red ic t ion  
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Figure 63. Comparison of  Mark 25 LII Pump Two-Phase Flow 
Test  Resul ts  With ~ h e o r e 8 i c a l  Predic t ion  



I t  may be concluded t h a t ,  with the  except ion o f  t h e  d a t a  p o i n t s  a t  t h e  

high flow c o e f f i c i e n t s  f o r  t h e  Mark 25 and Mark 15 LH2 pumps, t h e  upper 

l i m i t  t o  two-phase pumping c a p a b i l i t y  i s  choking caused by blade blockage 

l i m i t  (Eq. 39). As shown i n  Fig. 60, 61, and 62, t h e  pump p res su re  r i s e s  

a r e  dropping r a p i d l y  with inc reas ing  vapor f r a c t i o n s  a t  90-percent pump 

p r e s s u r e - r i s e  f r a c t i o n  and, t h e r e f o r e ,  drop suddenly when choking occurs .  

The d a t a  po in t s  t h a t  a r e  except ions i n  Fig. 63 and 64 a r e  caused by s t a t o r  

c a v i t a t i o n  and i n l e t  choking, r e spec t ive ly ,  t h a t  w i l l  be d iscussed  below. 

S t a t o r  Cav i t a t i on .  For l i q u i d  flow c o e f f i c i e n t s  g r e a t e r  than 103 percent  

of  design,  t h e  vapor f r a c t i o n s  f o r  t h e  Mark 15 LH2 pump were found t o  be  

much l e s s  than t h e  p red ic t ed  values (Fig. 63). E a r l i e r  high flow coef- 

f i c i e n t  c a v i t a t i o n  d a t a  f o r  t h e  Mark 15 LI12 pump i n d i c a t e  t h a t  t h e  inducer  

p r e s s u r e - r i s e  f r a c t i o n  i s  unaf fec ted  by NPSH whereas t h e  p r e s s u r e - r i s e  

f r a c t i o n  across  both t h e  inducer  and i t s  s t a t o r  i s  s t rong ly  a f f e c t e d  by 

NPSH. Therefore,  t h e  dev ia t ion  shown i n  Fig. 63 was probably caused by 

s t a t o r  c a v i t a t i o n .  

For t h e  Mark 25 LH2 pump, s t a t o r  c a v i t a t i o n  was no t  apparent i n  e i t h e r  

t h e  two-phase t e s t i n g  o r  e a r l i e r  c a v i t a t i o n  t e s t s  i n  which t e s t i n g  was 

conducted up t o  130 percent  of design flow c o e f f i c i e n t .  In  t h e  two-phase 

t e s t i n g ,  t h e  inducer  p l u s  s t a t o r  p r e s s u r e - r i s e  f r a c t i o n  followed c l o s e l y  

t h e  inducer  p r e s s u r e - r i s e  f r a c t i o n .  

I t  may be concluded t h a t  s t a t o r  c a v i t a t i o n  i s  an important cons ide ra t ion  

when designing a  hydrogen pump f o r  two-phase flow and t h a t  t h e  problem 

can be a l l e v i a t e d  through proper  design. Rules f o r  t h i s  s t a t o r  des ign  

a r e  s i m i l a r  t o  t hose  f o r  an inducer ,  i . e . ,  u se  t h i n  b lades  with a  pos i -  

t i v e  incidence a t  des ign  flow c o e f f i c i e n t  and wi th  l i t t l e  o r  no camber on 

t h e  forward po r t ion  of  t h e  b lade .  

. . The vapor, volume f r a c t i o n  f o r  t h e  h ighes t  flow c o e f f i c i -  

en t  d a t a  po in t  f o r  t h e  Mark 25 LH2 pump (Fig. 6 4 )  i s  14.5 percent  r a t h e r  

than  t h e  p red ic t ed  va lue  of  23 percent .  As d iscussed  previous ly ,  t h i s  



was not  t h e  r e s u l t  o f  s t a t o r  c a v i t a t i o n  but  was probably caused by choking 

a t  t h e  inducer  i n l e t  annulus.  Assuming a  cons tan t  q u a l i t y  flow process  

through the pump i n l e t  con t r ac t ion ,  t h e  choking l i m i t  would occur i n  t h e  

i n l e t  l i n e  upstream of  t h e  con t r ac t ion .  llowever, t h e  i n l e t  l i n e  equi l ibr ium 

Mach number was only 0.73, a  value t h a t ,  although h igher  than f o r  any o f  

t he  o t h e r  t e s t  p o i n t s  on e i t h e r  F ig .  63 o r  64, i s  no t  enough t o  i n d i c a t e  

choking. Assuming an equi l ibr ium flow process  through t h e  i n l e t  annulus,  

t h e  choking l i m i t  would occur i n  t h e  inducer  i n l e t  annulus.  However, f o r  

such a  flow process ,  chol<ing would have occurred with zero i n l e t  l i n e  vapor 

f r a c t i o n ,  t o  say nothing of t h e  14.5 percent  i nd ica t ed  i n  Fig.64 . 

I t  may be concluded t h a t  some vapor iza t ion  occurred a s  t h e  flow passed 

through t h e  i n l e t  con t r ac t ion  and t h a t  t he  dev ia t ion  from theory  of  t h e  

high flow c o e f f i c i e n t  d a t a  po in t  on Fig. 64 was caused by choking a t  t h e  

inducer  i n l e t  annulus downstream of  t he  con t r ac t ion .  I t  may a l s o  be con- 

cluded t h a t ,  a l though t h e  flow process  through t h e  con t r ac t ion  i s  probably 

c l o s e r  t o  cons tan t  q u a l i t y  than t o  equi l ibr ium, equi l ibr ium should be 

assumed during design t o  ensure s u f f i c i e n t  flow area .  

Vapor Rec i r cu la t ion .  Approximately 0.5 l b / sec  of  bear ing  coolant  was r e c i r -  

cu l a t ed  through t h e  inducer  of t h e  Mark 15 LII2 pump during t h e  two-phase 

t e s t s .  Because t h i s  r e c i r c u l a t e d  flow was c lose  t o  100-percent vapor and 

because t h e  vapor a t  t h e  pump i n l e t  i s  t h e  sum of  t h i s  vapor and t h e  i n l e t  

l i n e  vapor, t he  al lowable vapor f r a c t i o n  i n  t h e  i n l e t  l i n e  was seve re ly  

l imi t ed  (Table 13), p a r t i c u l a r l y  a t  low i n l e t  p re s su re s  where t h e  r e c i r c u -  

l a t e d  vapor occupies a  l a r g e  volume. 

To avoid t h i s  l i m i t a t i o n ,  a l l  r e c i r c u l a t e d  flows should be re turned  t o  

t h e  main s t ream downstream of t h e  inducer .  The )lark 25 LH2 pump t e s t  

d a t a  were unaf fec ted  by t h i s  problem because t h e  r e c i r c u l a t e d  flow was 

ducted overboard. 



Desien f o r  Zero Tank NPSH 

The l i m i t s  t o  two-phase pumping c a p a b i l i t y  were used t o  determine t h e  b e s t  

inducer  design approaches f o r  opera t ion  with zero tank NPSI-I. The t h r e e  

b a s i c  l i m i t s  t o  two-phase pumping c a p a b i l i t y  a r e  choking caused by inducer  

blade blockage, incidence angle  on t h e  inducer blade leading  edge, and 

choking i n  t h e  annulus j u s t  upstream o f  t h e  inducer  b lade  leading  edges. 

Choking caused by b lade  blockage (Eq. 41) provides t h e  upper l i m i t  t o  t h e  

vapor volume f r a c t i o n  t h a t  can be pumped. 

C1 = 1 - max 

\ 1 r'')des)\ 

'When t h e  inc idence  angle on t h e  inducer  b lade  leading  edge exceeds approx- 

imately 60 percent  o f  t h e  b lade  angle,  t h e  requi red  i n l e t  s t a t i c  p re s su re  

exceeds t h e  vapor p re s su re  and, t h e r e f o r e ,  t h e  i n l e t  flow must be a pure 

l i q u i d .  This e f f e c t  provides t h e  lower l i m i t  t o  t h e  vapor f r a c t i o n  than  

can be pumped and i s  expressed by Eq. 42. 

C1 = I -  - ' L [ l  - (gl%)des 
min 

@ des 1 
For zero  tank NPSH opera t ion  ( s a t u r a t e d  l i q u i d  hydrogen i n  t h e  tank) ,  

choking w i l l  occur  i n  t h e  annulus j u s t  upstream of  t h e  inducer  i n l e t  i f  

the  vapor volume f r a c t i o n  exceeds approximately 50 percent  (Fig. 65). 

This provides an a d d i t i o n a l  upper l i m i t  t o  t h e  vapor pumping capac i ty  f o r  

systems i n  which t h e  tank NPSH i s  zero. A s  shown i n  Ref. 7 , t he  choking 

vapor f r a c t i o n  i s  l e s s  than  50 percent  i f  t h e  tank NPSH i s  g r e a t e r  than 

zero and, i f  vapor i s  added by a warm i n l e t  l i n e ,  i s  g r e a t e r  than 50 percent .  

For a design volume f lowra te  o f  11,300 gpm and a design r o t a t i o n a l  speed 

of  30,000 rpm, t h e  e f f e c t s  o f  design i n l e t  flow c o e f f i c i e n t  on vapor 

pumping capac i ty  a r e  i l l u s t r a t e d  i n  Fig. 66 f o r  design incidence t o  b l ade  

angle r a t i o s  of  0.425 and 0.600. As shown, t h e  s o l i d  envelopes surround 
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Figure  66 Inf luence of Design Flow Coef f i c i en t  on Inducer Tho-Phase Hydrogen 
Pumping Capab i l i t y  (Q = 11,300 gpm, N = 30,000 rpm, X = 0.375) 



t he  ope ra t ing  regions f o r  ( i / @ )  = 0.425 and t h e  dashed envelopes s u r -  des 
round t h e  regions f o r  (ilf-3) = 0.600. The choking due t o  blade blockage, des 
incidence,and choking i n  t h e  i n l e t  annulus l i m i t s  a r e  used i n  genera t ing  

these  parametr ic  curves.  The average blade th ickness  was he ld  cons tan t .  

The cons tan t  tank p re s su re  l i n e s  a r e  f o r  equi l ibr ium i s e n t r o p i c  expansions 

from t h e  tank t o  t h e  pump i n l e t  annulus. 

As shown, i nc reas ing  t h e  design incidence-to-blade angle r a t i o  i nc reases  

t h e  maximum vapor volume f r a c t i o n  t h a t  can be pumped and, consequently,  

decreases  t h e  minimum tank p re s su re  requi red  f o r  zero tank NPSH opera t ion .  

For example, a t  a design i n l e t  flow c o e f f i c i e n t  of  0.08 and a t  design 

p o i n t  opera t ion  (F ig .66d) ,  t h e  maximum vapor volume f r a c t i o n  and minimum 

tank p re s su re  a r e  20 percent  and 50 p s i a ,  r e s p e c t i v e l y ,  f o r  an (i/B)deS = 

0.425 and 47 percent  and 35 p s i a  f o r  an (i/B) = 0.600. However, f o r  des 
a tank pressure  of  30 p s i a ,  t he  minimum flow c o e f f i c i e n t  a t  which a two- 

phase pumping c a p a b i l i t y  e x i s t s  increases  from 60 percent  of  design a t  

an ( i /B)des = 0.425 t o  75 percent  of  design a t  an ( i /@)des  = 0.600. 

Therefore,  i t  i s  apparent t h a t  s e l e c t i o n  of  the proper  design va lue  o f  

incidence-to-blade angle r a t i o  r equ i r e s  a compromise between maximizing 

t h e  vapor pumping capac i ty  (minimizing t h e  tank p re s su re )  and maximizing 

t h e  ope ra t ing  range a t  below design flow c o e f f i c i e n t s .  

As a l s o  shown i n  Fig. 66, decreas ing  t h e  inducer  i n l e t  t i p  diameter 

i nc reases  t h e  maximum vapor volume f r a c t i o n  t h a t  can be pumped. This i s  

because ( f o r  cons tan t  va luesof  f lowrate  and r o t a t i o n a l  speed) sma l l e r  

diameter  inducers  have h ighe r  b lade  angles  and, t h e r e f o r e ,  l e s s  b l ade  

blockage. However, decreas ing  t h e  diameter  a l s o  inc reases  t h e  minimum 

tank p re s su re  a t  which t h e  zero NPSH opera t ion  can be obtained,  thereby  

pena l i z ing  r a t h e r  than improving t h e  veh ic l e  p r e s s u r i z a t i o n  requirement.  

For example, a t  an ( i /P)des = 0.425, decreasing t h e  i n l e t  diameter from 

8.81 inches (Fig 66c3 t o  7.00 inches (Fig. 66d ) i nc reases  t he  minimum 

al lowable tank p re s su re  from 40 p s i a  t o  approximately 60 p s i a .  For an 

(i/f3)des = 0.60, t h e  same diameter decrease r a i s e s  t h e  tank p re s su re  



requirement from 20 p s i a  t o  50 p s i a .  This e f f e c t  i s  caused by t h e  f a c t  

t h a t  small  diameter  inducers  have high flow per  u n i t  a r ea  requirements and 

t h e r e f o r e  r e q u i r e  a high tank p re s su re  before  a given vapor f r a c t i o n  can 

be pumped (Fig. 65 and 6 6 ) .  I t  may be concluded t h a t  l a rge  i n l e t  diameters  

should be used f o r  zero tank  NPSH app l i ca t ions .  

During p a r t  speed ope ra t ion  a t  t h e  same flow c o e f f i c i e n t  ( i . e . ,  Q z N) , 
t h e  b lade  blockage and t h e  incidence l i m i t s  a r e  t h e  same func t ion  of 

design flow c o e f f i c i e n t  a s  a t  high r o t a t i o n a l  speed. However, t h e  inducer  

i n l e t  flow p e r  u n i t  a r eas  w i l l  be  lower, thereby  reducing the  inducer  i n l e t  

vapor volume f r a c t i o n  (Fig. 65) and pe rmi t t i ng  t h e  inducer  t o  opera te  a t  

zero NPSH a t  a lower tank s a t u r a t i o n  pressure .  This  e f f e c t  i s  shown i n  

Fig. 67. For example, a t  design flow c o e f f i c i e n t ,  decreas ing  t h e  r o t a -  

t i o n a l  speed from 30,000 t o  10,000 rpm reduces t h e  tank pressure  require- .  

ment f o r  an inducer  with an ( i /@)des  = 0.425 from 45 t o  approximately 

10 ps i a .  A t  an (i/t3)des = 0.600, t h e  corresponding tank pressure  reduc- 

t i o n  i s  from 35 t o  l e s s  than 10 p s i a .  I t  must be noted t h a t  f o r  t h e s e  

low p res su res  t o  be  v a l i d ,  t h e  thermodynamic suppression head must be 

s u f f i c i e n t  t o  allow two-phase inducer  opera t ion .  A s  shown i n  Fig. 6 8 ,  

t h e  thermal f a c t o r  (which i s  propor t iona l  t o  thermodynamic suppression 

head) decreases  with vapor p re s su re ,  thereby reducing t h e  c a p a b i l i t y  o f  

t h e  inducer  t o  pump two-phase hydrogen a t  low vapor pressures .  

Figure 67 a l s o  approximates t h e  vapor pumping c a p a c i t i e s  o f  low-speed 

inducers .  For example, a 0.08 flow c o e f f i c i e n t ,  5780-rpm inducer  designed 

f o r  t h e  f u l l  f l owra t e  of  11,300 gpm would have a tank s a t u r a t i o n  p re s su re  

c a p a b i l i t y  s i m i l a r  t o  t h a t  shown i n  Fig. 67c. In  f a c t ,  such an inducer  

would have a l a r g e r  diameter  because t h e  t i p  speed and, consequently,  t h e  

b lade  th ickness  would be  l e s s .  In add i t i on ,  due t o  thermodynamic sup- 

p re s s ion  head e f f e c t s ,  t h e  lower t i p  speed would drop the  minimum vapor 

p re s su re  a t  which two-phase pumping i s  poss ib l e .  
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Figure  t 7  I n f l u e n c e  o f  R o t a t i o n a l  Speed on Inducer  Two-Phase Hydrogen 
Pumping C a p a b i l i t y  (C r = 0.08,  d r  = 8 .OO i n c h e s ,  h = 0.375)  



Vapor Pressure,  Pv, p s i a  

Figure 68, Thermal Fac tor  Var ia t ion  w i t h  Vapor Pressure f o r  D i f f e ren t  
F lu ids  



Pred ic t ion  of  Mark 15 LH2 Pump Vapor Capacity 

The vapor pumping capac i ty  o f  t h e  Mark 15 LH2 pump was es t imated  by us ing  

t h e  r e s u l t s  of  t h e  two-phase flow ana lys i s  (Eq. 41) t o  f a c i l i t a t e  t h e  

ana lys i s  of  t h e  S-IVB s t a g e  r e s t a r t  f o r  Sa turn  f l i g h t s  AS-504 and AS-505. 

The r e s u l t i n g  al lowable i n l e t  l i n e  vapor-volume f r a c t i o n  i s  shown i n  Fig.69 

and w i l l  vary wi th  i n l e t  s t a t i c  p re s su re  because t h e  bear ing  coolant  flow 

i s  r e c i r c u l a t e d  through t h e  inducer  a t  a cons tan t  f l owra t e  o f  0.5 l b / sec  

and w i l l  be a pure vapor when it reaches t h e  pump i n l e t .  The i n a b i l i t y  o f  

t h e  Mark 15 LH2 pump t o  pump two-phase flow a t  i n l e t  p ressures  below 

22.5 p s i a  i s  a t t r i b u t e d  t o  e i t h e r  i n s u f f i c i e n t  thermodynamic suppress ion  

head (TSH) o r  choking i n  t h e  i n l e t  annulus. 

P red ic t ion  of Warm Pump Heating Ef fec t s  

To provide  warm pump performance c h a r a c t e r i s t i c s  f o r  t h e  engine s t a r t  

a n a l y s i s  dnd a l s o  t o  f a c i l i t a t e  t h e  a n a l y s i s  of t h e  S-IVB s t a g e  r e s t a r t  

f o r  Sa turn  f l i g h t  AS-SO4 and AS-505, t h e  e f f e c t s  o f  warm pump h e a t i n g  on 

hydrogen pump d ischarge  p re s su re  were est imated over  a range o f  design 

(cold pump) d ischarge  p re s su res  (Fig. 70). As shown, adding h e a t  t o  t h e  

p r o p e l l a n t  a s  it passes  through t h e  pump w i l l  reduce t h e  pump d ischarge  

pressure .  This occurs  f o r  two reasons:  ( I )  hea t ing  reduces t h e  propel -  

l a n t  d e n s i t y  and, t h e r e f o r e ,  reduces t h e  amount o f  p re s su re  r i s e  obta ined  

f o r  a given energy input ,and  (2) hea t ing  inc reases  t h e  p rope l l an t  volume 

f lowra te  and, t h e r e f o r e ,  reduces t h e  energy inpu t  because t h e  s lopes  o f  

pump H-Q curves a r e  gene ra l ly  negat ive.  Also shown i s  t h a t  t h e  e f f e c t s  

o f  h e a t i n g  a r e  more severe  i f  t h e  p rope l l an t  becomes two phase wi th in  

t h e  pump. The reason f o r  t h i s  i s  t h a t  vapor genera t ion  g r e a t l y  i nc reases  

t h e  volume f lowra te  and, t h e r e f o r e ,  g r e a t l y  reduces both t h e  p re s su re  

r i s e  p e r  u n i t  energy inpu t  and t h e  energy input .  A s  i nd i ca t ed  i n  Fig. 70, 

t h e  s l o p e  of  t h e  pump c h a r a c t e r i s t i c  curve (AH/AHdeS) versus ((2/Qdes) 

i s  -2. Pumps wi th  a more s t eep ly -nega t ive  c h a r a c t e r i s t i c  w i l l  have l e s s  

range than ind ica t ed  and pumps with a f l a t t e r  c h a r a c t e r i s t i c  w i l l  have more. 



Figure 6 9 .  Vapor Pumping Capaci t ies  f o r  MK 15 LH 2 Pump 



Figure 70. Estimated E f f e c t  o f  Warm Pump Heat Input  on Hydrogen Pump Discharge Pressure  



ENGINE START ANALYSIS 

The o b j e c t  of  t h i s  s tudy i s  t o  determine t h e  s i g n i f i c a n c e  of thermodynamic 

improvements i n  LH2 pumps i n  terms of  o v e r a l l  engine system s i m p l i f i c a t i o n  

b e n e f i t s .  System precondi t ion ing  and two-phase hydrogen pumping capabi l -  

i t i e s  a r e  a r eas  emphasized, To a i d  i n  t h e  eva lua t ion  o f  t h e  in f luence  o f  

pump improvements on system of f -des ign  ope ra t ing  c h a r a c t e r i s t i c s ,  a  s i m -  

p l i f i e d  mathematical model o f  t h e  engine system was formulated and used 

t o  s tudy  engine ope ra t ing  dur ing  s t a r t .  The model is  q u a l i t a t i v e  i n  t h e  

sense t h a t  i t  does not  r ep re sen t  a  s p e c i f i c  conf igura t ion ,  b u t  i t  does 

r e f l e c t  most o f  t h e  component ope ra t ing  c h a r a c t e r i s t i c s  preva len t  i n  a  

t y p i c a l  modern LH2/L02 engine. The engine system a n a l y s i s  e f f o r t  s tudy  

inc ludes  a d e s c r i p t i o n  of t h e  s t a r t  model. 

By f i r s t  reviewing t h e  a n a l y t i c a l  d e s c r i p t i o n  o f  hydrogen turbomachinery 

with two-phase flow and h e a t  t r a n s f e r ,  t h e  equat ions and l o g i c  employed 

i n  t h e  s t a r t  model a r e  descr ibed .  Typical t r a n s i e n t s  p red ic t ed  with t h e  

model and r e s u l t s  o f  a  systems s tudy  t o  eva lua t e  LH2 pump improvements 

a r e  presented.  This  inc ludes  a spec t s  o f  pump modif ica t ions  t o  improve 

opera t ion  wi th  an i n i t i a l l y  cold feed  system and a l s o  wi th .an  i n i t i a l l y  

warm feed  system cons ider ing  i n l e t  l i n e  and pump chilldown along with 

pump i n s u l a t i o n s .  Several  a reas  r e q u i r e  f u r t h e r  work, which inc ludes  

formulat ion o f  a n a l y t i c a l  r ep re sen ta t ion  o f  a  t h r u s t  chamber bypass l i n e ,  

a u x i l i a r y  t u r b t n e  power sources ,  and t h r u s t  chamber tube  chilldown e f f e c t s  

i n  t h e  start model; s t a r t  t r a n s i e n t  a n a l y s i s  o f  t h e  e f f e c t s  o f  t hese  addi- 

t i o n s ;  and a d d i t i o n a l  a n a l y s i s  o f  pump ope ra t ion  during s t a r t  with h e a t  

t r a n s f e r  . 

Hydrogen Turbomachinery Aspects 

Two genera l  turbopump ope ra t ing  regimes have been inves t iga t ed .  The f i r s t  

cons iders  hydrogen flow through t h e  system i s  i n i t i a l l y  two phase b u t  no 

h e a t  t r a n s f e r  occurs  from t h e  system t o  t h e  f l u i d ;  and t h e  second regime 



cons iders  t h e  f l u i d  being pumped i s  two phase and i s  i n i t i a l l y  heated by 

a  warm feed  system. The case  without h e a t  t r a n s f e r  i s  encountered p r imar i ly  

when engine r e s t a r t  i s  attempted with a  c h i l l e d  system bu t  with some r e s i d u a l  

two-phase p r o p e l l a n t  remaining i n  t h e  i n l e t  l i n e  from t h e  previous burn; o r  

when t h e  engine is  opera ted  with very low NPSH such t h a t  t h e  s t a t i c  p re s su re  

o f  t h e  flow i n  t h e  i n l e t  l i n e  drops below i t s  vapor p re s su re  causing p a r t i a l  

vapor i za t ion  a t  t h e  pump i n l e t .  The second case (with h e a t  t r a n s f e r )  i s  

encountered when engine r e s t a r t  i s  a t tempted without  precondi t ion ing  a f t e r  

a  long coas t  when t h e  system can reach equi l ibr ium temperatures ranging 

between -100 t o  300 F. 

Cold Feed System (No Heat Transfer ) .  S tudies  repor ted  i n  Ref. 19 t h e o r e t i c -  

a l l y  desc r ibes  flow c h a r a c t e r i s t i c s  and pumping c a p a b i l i t y  with two-phase 

hydrogen a t  t h e  i n l e t  o f  a  co ld  pump and matching these  p red ic t ions  wi th  

a v a i l a b l e  experimental da ta .  The conclusions of  t h i s  s tudy  were t h a t  two- 

phase hydrogen can be pumped by means of  proper  pump designs t h a t  avoid 

i n l e t  s t a t o r  c a v i t a t i o n ,  inducer  b lade  blockage, choking i n  t h e  i n l e t  annu- 

l u s ,  and vapor r e c i r c u l a t i o n  through t h e  inducer .  This allows very low 

NPSH opera t ion  and/or mixed-phase s t a r t s .  I t  was found t h a t  t h e  b a s i c  

l i m i t  t o  pumping two-phase hydrogen occurs when t h e  combined e f f e c t s  o f  

high flow c o e f f i c i e n t  ope ra t ion  and blade blockage cause t h e  minimum flow 

a r e a  t o  occur  wi th in  t h e  inducer  b l ade  passage. When t h i s  occurs ,  t h e  

flow w i l l  choke, and t h e  pump head w i l l  drop d r a s t i c a l l y .  

A t  design l i q u i d  flow c o e f f i c i e n t ,  a l lowable pump i n l e t  vapor-volume f r a c -  

t i o n s  o f  approximately 20 percent  have been obta ined  experimental ly  f o r  

b lade  blockages i n  t h e  o r d e r  o f  30 percent .  I t  i s  ind ica t ed  i n  Ref. 19  

t h a t  i n l e t  vapor-volume f r a c t i o n s  nea r ly  t h r e e  t imes t h i s  va lue  can be 

pumped a t  high speeds by means o f  proper  inducer  design which, among 

o t h e r  t h ings ,  minimizes b lade  blockage. The manner i n  which t h e  al lowable 

vapor-volume f r a c t i o n  due t o  inducer  b lade  blockage v a r i e s  with flow coef -  

f i c i e n t  from Ref. 19 is  shown i n  Fig. 71. Pump p res su re  r i s e  i s  equal t o  

t h a t , o b t a i n e d  wi th  pure l i q u i d  flow up t o  t h i s  l i m i t .  The c a p a b i l i t i e s  of  
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Figure 71. Maximum Vapor Pumping Capaci ty  o f  Hydrogen Pumps 



cu r ren t  designs a r e  included f o r  purposes of  comparison. Below design 

flow c o e f f i c i e n t ,  a  s t a l l  l i m i t  a l s o  occurs f o r  a x i a l  pumps and a  s t a b i l i t y  

l i m i t  e x i s t s  f o r  c e n t r i f u g a l  pumps. Above design flow c o e f f i c i e n t ,  a  zero- 

head l i m i t  ( i . e . ,  y goes t o  zero i n  t he  Qi - Y curve) e x i s t s  f o r  both des igns ,  

bu t  $ i s  g r e a t e r  f o r  c e n t r i f u g a l  pumps. In gene ra l ,  reducing t h e  design 

incidence angle reduces t h e  alloviable vapor-volume f r a c t i o n  l i m i t  due t o  

b lade  blockage, such t h a t  t h e  upper curve i n  Fig. 71 has a  s t e e p e r  s lope  

and i n t e r s e c t s  t h e  a b s c i s s a  a t  a  lower flow c o e f f i c i e n t .  

Warm Feed System. The a n a l y t i c a l  desc r ip t ion  of  pump opera t ion  when h e a t  

i s  t r a n s f e r r e d  from the  pump sur faces  t o  t h e  f l u i d  i s  accomplished by 

assuming t h a t  t h e  h e a t  i npu t  t o  t h e  flow r e s u l t s  i n  a  decrease i n  average 

flow dens i ty ,  which e f f e c t i v e l y  inc reases  t he  pump flow c o e f f i c i e n t .  This  

r e s u l t s  i n  a  reduct ion  i n  pump pressure  r i s e  i n  accordance with t h e  char-  

a c t e r i s t i c s  of  t h e  @ - W curve f o r  a  given pump. The flow dens i ty  wi th in  

the  pump i s  determined by averaging t h e  i n l e t  and o u t l e t  flow d e n s i t i e s .  

The i n l e t  flow and flow wi th in  t h e  pump may be two phase as  long a s  choking 

o r  c a v i t a t i o n  does not  occur ,  a s  d i scussed  e a r l i e r .  

Typical r e s u l t s  o f  a  paramet r ic  ana lys i s  t o  determine warm pump ope ra t ing  

c h a r a c t e r i s t i c s  obtained a r e  shown i n  Fig. 70. The s lope  of t h e  @ -  9 
curve ind ica t ed  i n  t he  f i g u r e  r ep re sen t s  an a x i a l  flow pump. For a  cen- 

t r i f u g a l  pump, t h e  s lope  of  t h i s  curve i s  l e s s  nega t ive  and, hence, t h e  

reduct ion  i n  d ischarge  p re s su re  w i l l  be  l e s s  with equiva len t  h e a t  i npu t .  

Increas ing  the  i n l e t  p re s su re  has  a  n e g l i g i b l e  e f f e c t  on t h e  r e s u l t s  i n  

Fig. 70 i f  t he  design d ischarge  pressure  i s  high and t h e  hea t  input  i s  

low. However, i f  t h e  r eve r se  i s  t r u e  ( i . e . ,  ope ra t ion  i s  such t h a t  t h e  h e a t  

input  i s  s u f f i c i e n t  t o  vapor ize  a  po r t ion  of  t h e  f l u i d ) ,  then t h e  i n l e t  

p re s su re  can have a  s t r o n g  inf luence  on the  amount of  vapor generated 

wi th in  t h e  pump and on t h e  a s soc i a t ed  reduct ion  i n  d ischarge  pressure .  

Engine S t a r t  Model 

Development of  a  simple a n a l y t i c a l  model of a  r e p r e s e n t a t i v e  engine system 

was completed t o  a i d  i n  t h e  a n a l y s i s  of t he  e f f e c t s  o f  two-phase flow on 

engine system opera t ion  dur ing  t h e  s t a r t  t r a n s i e n t ,  A number of  s imp l i fy ing  



assumptions has been made t o  enable e f f i c i e n t  computer s o l u t i o n s  f o r  para-  

me t r i c  s t u d i e s  and, t h e r e f o r e ,  t h e  model cannot be appl ied  d i r e c t l y  t o  

s p e c i f i c  systems. Nevertheless ,  t h e  s a l i e n t  opera t ing  c h a r a c t e r i s t i c s  of 

a  c u r r e n t  engine cycle  ( t apo f f )  a r e  represented ,  and t h e  t r ends  p red ic t ed  

a r e  expected t o  be v a l i d  f o r  a  wide range of  app l i ca t ions ,  Geometry and 

components a r e  c h a r a c t e r i s t i c  o f  t h e  J-2s engine which i s  shown schemati- 

c a l l y  i n  Fig. 72. The a n a l y t i c a l  d e s c r i p t i o n  of  t h i s  system i s  ou t l i ned  

i n  t h e  fol lowing paragraphs. Most of t h e  equat ions used i n  t h i s  a n a l y s i s  

a r e  normalized with r e spec t  t o  s t e a d y - s t a t e  opera t ing  condi t ions .  A norm- 

a l i z e d  q u a n t i t y  i s  i nd ica t ed  by an overbar.  

Cont ro ls .  Simultaneous s o l u t i o n  of  t h e  above equat ions a t  each i n s t a n t  

completely de f ines  off-design engine opera t ion  dur ing  tlie s t a r t  t r a n s i e n t .  

This s o l u t i o n  has been programmed f o r  t h e  d i g i t a l  computer with t h e  a i d  

of an e x i s t i n g  program c a l l e d  PIIDAS, which permits  d i g i t a l  s imula t ion  of 

analog programming techniques.  Operation o f  t h e  model on t h e  computer 

begins by s e l e c t i n g  and i n p u t t i n g  a  s e t  of i n i t i a l  condi t ions  such a s  

tank p re s su re ,  f l owra t e s ,  p re s su re s ,  va lve  a reas ,  e t c . ,  along wi th  known 

t r a n s i e n t s  such a s  va lve  a reas  and h e a t  inputs .  Engine ope ra t ing  cor-  

responding t o  t h e s e  condi t ions  i s  then computed throughout boo t s t r ap  

opera t ion  t o  s teady  s t a t e .  Des i rab le  i n i t i a l  and con t ro l l ed  condi t ions  

a r e  determined by eva lua t ing  var ious  t r a n s i e n t s  on a  t r i a l  and e r r o r  

b a s i s ,  s i m i l a r  t o  experimental eva lua t ion  of  t h e  system. 

An i n v e s t i g a t i o n  was conducted t o  determine va lve  sequences f o r  t h e  b a s i c  

system i n  t h e  model t h a t  prevent  undes i rab le  ope ra t iona l  c h a r a c t e r i s t i c s  

dur ing  s t a r t ,  such a s  turbopump s t a l l ,  excess ive  mixture r a t i o  and cham- 

be r  p re s su re  overshoots ,  long s t a r t s ,  e t c .  In t h i s  eva lua t ion ,  it was 

e s t a b l i s h e d  t h a t  r ap id  s t a r t s  could be s imulated by i n i t i a l l y  provid ing  

high tank p re s su res  and h ighe r  than  nominal t apo f f  va lve  a reas .  An upper 





l i m i t  f o r  t h e  t apof f  valve a rea  was found t o  be f ixed  by pump i n s t a b i l i t y  

l i n e  cons idera t ions .  Because o f  t h e  r e l a t i v e l y  low tu rb ine  bypass flow 

u t i l i z e d  i n  t h i s  case,  i t  was found necessary t o  cont ro l  mixture r a t i o  

by means o f  a  two-position main oxid izer  valve downstream of t h e  ox id ize r  

pump. In t h e  model, pos i t ion ing  of  t h i s  valve i s  determined on t h e  b a s i s  

o f  computed mixture r a t i o .  This con t ro l  was a l s o  found t o  r e s u l t  i n  h ighe r  

flow c o e f f i c i e n t  opera t ion  f o r  t h e  fue l  pump, thereby providing a more 

favorable s t a b i l i t y  margin f o r  t h i s  pump. Typical s t a r t  c h a r a c t e r i s t i c s  

p red ic t ed  by t h e  model a r e  i l l u s t r a t e d  i n  Fig .73  . In  t h i s  p a r t i c u l a r  

case, a  s ing le -pos i t ion  ox id ize r  valve was found t o  be adequate f o r  mix- 

t u r e  r a t i o  con t ro l .  

Simulated e f f e c t s  of  two-phase pump flow and system chilldown have a l s o  

been inves t iga ted  with t h e  model using prel iminary two-phase pump perform- 

ance maps presented  i n  Ref.7. . Results  of t h i s  s tudy a r e  repor ted  i n  

Ref. 7. 

Svstem Analysis 

This ana lys i s  was divided i n t o  two general  ca tegor ies  t o  determine t h e  

f a c e t s  of  engine opera t ion  which b e n e f i t  most from turbopump improvements. 

The f i r s t  concerns cases i n  which t h e  engine system is thermally condi- 

t ioned and is  depic ted  a s  a  cold feed system. The second category con- 

cerns cases i n  which engine s t a r t  i s  attempted when feed system i s  warm. 

As ind ica ted  e a r l i e r ,  two-phase flow can e x i s t  a t  t h e  pump i n l e t  i n  t h e  

f i r s t  case because of  low tank NPSH o r  due t o  engine s t a r t  with mixed-phase 

r e s i d u a l  p rope l l an t s  i n  t h e  i n l e t  l i n e s .  Therefore, two-phase pumping 

c a p a b i l i t y  should be b e n e f i c i a l  t o  these  f a c e t s  of  engine opera t ion ,  but  

because the  condi t ions  a r e  s t rongly  dependent on s p e c i f i c  mission requi re-  

ments and c h a r a c t e r i s t i c s ,  ana lys is  i n  t h i s  a rea  was conducted pr imar i ly  

by examining t h e  b e n e f i t s  of pump and cycle  improvements f o r  e x i s t i n g  

sys  tems . 





O f  primary i n t e r e s t  i n  t h e  second category a r e  t h e  e f f e c t s  o f  i n l e t  l i n e  

and pump chilldown. In t he  a r e a  o f  i n l e t  l i n e  chilldown, pump improve- 

ments ( t o  allow i n g e s t i o n  o f  increased  amounts o f  mixed-phase flow) were 

eva lua ted .  The chilldown flow requ i r ed  t o  lower t h e  i n l e t  q u a l i t y  t o  

permit  pumping was converted i n t o  payload lo s ses  f o r  a t y p i c a l  mission. 

Representa t ive  chilldown t r a n s i e n t s  were obta ined  f o r  t h i s  purpose from 

a review of  e x i s t i n g  5-2 and J -2s  da ta .  Pump chilldown e f f e c t s  and t h e  

b e n e f i t s  o f  i n s u l a t i o n  coa t ings  were s tud ied  by superimposing t h e  per -  

formance curves i n  Fig. 70 on t h e  @ - $ curves i n  t h e  s t a r t  model, and 

determining t h e  r e s u l t i n g  engine s t a r t  c h a r a c t e r i s t i c s  f o r  var ious  h e a t  

i npu t s .  Resul t s  o f  t h e s e  s t u d i e s  a r e  d iscussed  i n  t h e  fol lowing paragraphs. 

Cold Feed System 

Zero NPSH. In a precondit ioned system, reduct ions  i n  r equ i r ed  tank NPSH 

made p o s s i b l e  by means o f  two-phase pumping c a p a b i l i t y  a r e  always bene- 

f i c i a l  t o  t h e  ope ra t ion  of a rocke t  engine system, b u t  t h e  magnitude o f  

t h e s e  b e n e f i t s  depends s t r o n g l y  on t h e  requirements and design of each 

system. Most boost  v e h i c l e s  r e q u i r e  some p r e s s u r i z a t i o n  i n  a d d i t i o n  t o  

pump NPSH requirements f o r  s t r u c t u r a l  reasons.  This o f t e n  p r o h i b i t s  com- 

p l e t e  e l imina t ion  o f  t h e  p r e s s u r i z a t i o n  system. However, reduct ions  i n  

NPSH requirements do allow s i m p l i f i c a t i o n s  and reduct ions  i n  t h e  s i z e  

and weight of convent ional  systems, and i n  t h e  length  o f  r equ i r ed  opera t -  

i n g  time. 

In some in s t ances ,  a reduct ion  i n  pump NPSH requirements i n  conjunct ion 

with c e r t a i n  o t h e r  f e a t u r e s  provides more s i g n i f i c a n t  improvements and 

s i m p l i f i c a t i o n s  compared t o  e x i s t i n g  systems. This i s  t h e  case with t h e  

J-2s system as  d iscussed  i n  Ref.21 . In t h i s  design,  hea ted  hydrogen 

i s  tapped from t h e  cool ing  jacke t  and used t o  p r e s s u r i z e  t h e  f u e l  tank ,  

thereby  e l imina t ing  numerous e x i s t i n g  complex components such a s  h e a t  

exchangers,  helium b o t t l e s ,  a s soc i a t ed  plumbing, e t c .  The weight savings 

a s s o c i a t e d  with the  improved system f o r  the 's-IVB has been es t imated  t o  



be approximately 2130 pounds (Ref. 2 1 ) .  Of course,  f u r t h e r  reduct ions  i n  

NPSH requirements v i a  increased  two-phase p,umping c a p a b i l i t y  w i l l  r e s u l t  

i n  a  reduct ion  i n  t h e  amount o f  hydrogen pressurant  r equ i r ed  with some 

inc rease  i n  cyc le  e f f i c i e n c y ,  even f o r  t h i s  advanced system. For t hese  

reasons,  low NPSH opera t ion  i s  c u r r e n t l y  a  design goal  f o r  a l l  known 

L02/LH2 boost  veh ic l e s .  The a n a l y s i s  presented i n  Ref .19 i n d i c a t e s  t h a t  

t h i s  can be e a s i l y  achieved by means o f  improved inducer  designs which 

permit i nges t ion  of  two-phase hydrogen a t  t h e  pump i n l e t .  

Two-Phase S t a r t s .  Current  s t u d i e s  seem t o  i n d i c a t e  t h a t  improved two- 

phase pumping c a p a b i l i t y  w i l l  improve mixed-phase s t a r t  opera t ion  with a  

cold feed  system i n  most t y p i c a l  near-term app l i ca t ions .  The cu r ren t  

Sa turn  veh ic l e  uses  a  r e c i r c u l a t i o n  system t o  duct poor q u a l i t y  propel-  

l a n t s  i n  t he  pump and i n l e t  l i n e  back i n t o  t h e  tank p r i o r  t o  engine s t a r t .  

A s impler  b u t  l e s s  e f f i c i e n t  backup technique a s  used i n  t h i s  a p p l i c a t i o n  

c o n s i s t s  simply of  u s ing  s u f f i c i e n t  f u e l  lead  under tank p re s su re  t o  f l u s h  

t h e  system of  poor q u a l i t y  f u e l .  F l i g h t  t e s t  d a t a  i n d i c a t e  t h a t  about 

10 seconds of f u e l  lead  i s  needed wi th  a  r e l a t i v e l y  co ld  system t o  f i l l  

t h e  i n l e t  duct  with tank q u a l i t y  f u e l .  I f  t h e  duct  were i n i t i a l l y  n e a r l y  

f u l l  o f  r e s i d u a l  l i q u i d ,  t h i s  would amount t o  a  maximum o f  about 30 pounds 

of  p rope l l an t  l o s t  pe r  engine i n l e t  duct  p e r  r e s t a r t .  Unfortunately,  t h e  

q u a l i t y  of  r e s i d u a l  p r o p e l l a n t s  i n  t h e  duct  p r i o r  t o  r e s t a r t  i s  unknown 

i n  t h i s  app l i ca t ion .  I f  t h e  duct  i s  i n i t i a l l y  warm, some add i t i ona l  

p rope l l an t  vapor i s  generated a s  it passes  through t h e  duc t ,  thereby 

making the  time r equ i r ed  f o r  t h e  f u e l  lead  a  func t ion  o f  i n i t i a l  duct  

temperature o r  coas t  time. 

Two-phase pumping c a p a b i l i t y  may not  s i g n i f i c a n t l y  decrease t h e  f u e l  l e a d  

p rope l l an t  l o s s  because a  h ighe r  q u a l i t y  i n l e t  condi t ion  can be t o l e r a t e d .  

Of course,  t he  pump will produce head once t h e  i n l e t  q u a l i t y  f a l l s  below 

t h e  l i m i t i n g  va lue  which may occur before  t h e  10 seconds has elapsed.  

This only r ep re sen t s  a  l i m i t i n g  condi t ion  so  spinning the  pump and i n i t i -  

a t i n g  t h e  s t a r t  sequence once head r i s e  i s  de t ec t ed  w i l l  decrease  r equ i r ed  

f u e l  lead  time and p rope l l an t  l o s ses .  



In t h i s  regard ,  improved two-phase pumping c a p a b i l i t y  w i l l  be b e n e f i c i a l ,  

f o r  an a p p l i c a t i o n  with a  cold feed system (based on t h e  maximum propel-  

l a n t  l o s s  pe r  engine duct of 30 pounds). 

Another cons ide ra t ion  t h a t  a r i s e s  i s  t h a t  the  vapor volume l i m i t s  e s t a b l i s h e d  

i n  Ref. 19 a r e  v a l i d  only f o r  upstream r e l a t i v e  Mach numbers i n  t h e  range 

from 0.6 t o  1.8 ( t hese  a r e  r e p r e s e n t a t i v e  of  high-speed ope ra t ion ) ,  t hus  

corresponding more c l o s e l y  t o  t h e  design po in t  than t o  t h e  low speeds 

encountered dur ing  the  s t a r t  t r a n s i e n t .  According t o  t h e  curves presented  

i n  Ref. 1 9 ,  choking does not  n e c e s s a r i l y  occur  f o r  small  a r e a  con t r ac t ions  

a t  lower Mach numbers and, consequently,  h ighe r  vapor pumping c a p a b i l i t y  

than shown i n  F i g . 7 1  can be expected f o r  any system a t  s t a r t ,  a l though 

t h e  head r i s e  and flow a r e  much l e s s  than  a t  design due t o  t h e  lower speed. 

This c h a r a c t e r i s t i c  i s  used t o  advantage i n  t h e  J-2S engine system. A 

s o l i d - p r o p e l l a n t  t u r b i n e  s p i n  (SPTS) c a r t r i d g e  i s  u t i l i z e d  i n  conjunct ion  

with a  b r i e f  idle-mode opera t ion  (approximately 1 second) t o  f l u s h  t h e  

i n l e t  duc t s  of  mixed-phase p rope l l an t s .  I d l e  mode i s  used f o r  p r o p e l l a n t  

s e t t l i n g ,  and i t s  r e s u l t s  a r e  s i m i l a r  t o  those  obtained with t h e  p r e s e n t  

S-IVB system with a  f u e l  lead  dur ing  u l l a g e  motor opera t ion ,  except  t h a t  

t h e  mixed-phase r e s i d u a l  p rope l l an t s  a r e  consumed with r e l a t i v e l y  h igh  

s p e c i f i c  impulse (-280 seconds) r a t h e r  than be ing  dumped d i r e c t l y  over-  

board. The SPTS dura t ion  i s  such t h a t  a l l  o f  t h e  r e s i d u a l  f u e l  and most 

of t he  o x i d i z e r  i n  t h e  duc ts  a r e  rep laced  p r i o r  t o  burnout.  Also, i t s  

s t a r t i n g  c h a r a c t e r i s t i c s  a r e  such t h a t  pump c a v i t a t i o n  i s  avoided a t  a l l  

t imes.  These f e a t u r e s  enable e l imina t ion  of  t he  r e c i r c u l a t i o n  system 

f o r  J - 2 s  a p p l i c a t i o n s  with an es t imated  weight savings of  1600 pounds f o r  

t he  Sa turn  veh ic l e  (Ref. 6 ) .  Engine opera t ion  during s t a r t  i s  i l l u s -  

t r a t e d  i n . F i g .  7 4  . A t  a l t i t u d e ,  tank head s t a r t s  with t h i s  system a r e  

p o s s i b l e  with longer  idle-mode du ra t ions  (20 t o  100 seconds) t o  provide 

system condi t ion ing .  Typical mission sequences a r e  shown i n  Fig. 7 5 . 
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\lore advanced LO /L11, systems a r e  expected t o  be configured on the  b a s i s  
2 /- 

of J - 2  and J-2s experience. With t h e  r e l a t i v e l y  low tank pressures  and 

advanced cyc les  c u r r e n t l y  envisioned f o r  t hese  a p p l i c a t i o n s ,  studic.s i n d i -  

c a t e  t h a t  some form of  a u x i l i a r y  tu rb ine  power s i m i l a r  t o  t h a t  used i n  

t he  J - 2  system may be used t o  enable a  r ap id  and e f f i c i e n t  s t a r t .  Current  

designs f e a t u r e  an i d l e - s t a g e  combustor ope ra t ing  i n i t i a l l y  under tank head 

p re s su re  i n  conjunct ion w i t h  a  low-res i s tance  feed system downstream of  t h e  

pump, as  shown i n  Fig. 76. I f  t h i s  i s  t h e  ca se ,  f u r t h e r  improvements i n  

two-phase pumpiilg c a p a b i l i t y  f o r  low i n l e t  Blacli numhers may be des i r ed .  

Warm Feed System. Attempting engine s t a r t  and/or  r e s t a r t  w i t 1 1  i n i t i a l l y  

warm hardware p l aces  s t r i n g e n t  requirements on t h e  system, and has 

rece ived  cons iderable  a t t e n t i o n  during development of  t he  5-2, ,J-2X, and 

J-2s engines.  A good ana lys i s  of a v a i l a b l e  d a t a  generated during sea  

l e v e l  t e s t s  of t h e s e  engines i s  presented i n  Ref. 7. The ana lys i s  i n d i -  

ca ted  t h a t  chilldown time and p rope l l an t  usage a r e  a  s t rong  func t ion  o f  

f lowra te .  This i s  i l l u s t r a t e d  by t he  c l~ i l ldown d a t a  f o r  t he  Ilark 15 LIi2 

pump shown i n  Fig. 77. I t  i s  r e a d i l y  seen t h a t  t h e  h igher  f lowra tes  

achievable with tankhead blowdown through the  i n j e c t o r  a t  high a l t i t u d e  

r e s u l t  i n  much s h o r t e r  pump chilldown per iods .  

Addit ional  t e s t  r e s u l t s  have been obtained with t h e  J-2s engine,  which uses  

i t s  i d l e  mode c a p a b i l i t y  t o  provide system precondi t ion ing  p r i o r  t o  mainstage. 

Sea l e v e l  i d l e  mode chilldown d a t a  f o r  a  case  where t h e  e n t i r e  J -2s  engine 

i s  i n i t i a l l y  a t  ambient temperature i s  presented i n  Ref. 7 and i s  reproduced 

i n  Fig. 78. Simulated f l i g h t  t e s t i n g  has a l s o  been conducted i n  an a l t i t u d e  

chamber a t  Arnold Engine Development Center m-td t h e s e  r e s u l t s  a r e  included 

i n  Fig. 78, For t h e  s e a  l e v e l  t e s t s  good q u a l i t y  f u e l  is  seen t o  e x i s t  

a t  t he  pumj) o u t l e t  (Fig. 81h) once t h e  f u e l  temperature (Fig. 78A) drops 

below t h e  s a t u r a t i o n  l e v e l .  

I n l e t  Line Chilldown. Analytic,i l  i n l c t  q u a l i t y  d a t a  t h a t  corresponds 

t o  t he  f l i g h t  d a t a  i n  Fig. 77 i n d i c a t e  t h a t  once t h e  i n l e t  duct i s  f l u shed ,  

pump i n l e t  q u a l i t y  drops very r ap id ly  f o r  t h e  f u e l  lead  f lowra te  u t i l i z e d  

with t h e  S-IVB system, r ega rd l e s s  of t he  i n i t i a l  l i n e  temperature.  These 

r e s u l t s  a r e  shown i n  Fig. 79. Total  p rope l l an t  l o s ses  corresponding t o  

t hese  condi t ions  a r e  shown i n  Fig. 30a a s  a func t ion  of t h e  l i m i t i n g  vapor 
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Figure 7 9 .  Flow Qual i ty  a t  t h e  pump I n l e t  f o r  t h e  5-2 Hydrogen Engine 
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volume f r a c t i o n  above which pump o p e r a t i o n  cannot  begin .  Approximate pe r -  

cen tage  payload inc rements  cor responding  t o  t h e s e  flow l o s s e s  i n  F ig .  80a 

were e s t i m a t e d  by means o f  t h e  t echn ique  o u t l i n e d  i n  Appendix C and a r e  

p rese l l t ed  i n  Fig .  80b. From t h i s ,  it can be seen  t h a t  f o r  t h e  p a r t i c u l a r  

miss ion  of t h e  S-IVB, i n c r e a s i n g  t h e  i n l e t  vapor  pumping c a p a b i l i t y  up t o  

50-percent  volume f r a c t i o n  a t  eng ine  s t a r t  produces  a  136-pound (0.15 per -  

c e n t )  g a i n  i n  payload f o r  an i n i t i a l  duc t  t empera tu re  o f  400 F. On advanced 

v e h i c l e s  r e q u i r i n g  m u l t i p l e  s t a r t s ,  payload g a i n s  will be  n o r e  s i g n i f i c a n t  

s i n c e  52 pounds o f  f u e l  would be saved f o r  each s t a r t  made. 

S i m i l a r  r e s u l t s  were o b t a i n e d  u s i n g  t h e  .I-2S eng ine  chi l ldown d a t a .  In 

t h i s  c a s e ,  i n l e t  q laa l i ty  was measured d i r e c t l y  (Fig .  78B ) f o r  t h e  s e a  

l e v e l  t e s t ,  and e s t i m a t e d  from t h i s  and t h e  t empera tu re  d a t a  i n  Fig.78A 

f o r  t h e  a l t i t u d e  t e s t  a s  shown i n  1 ' 1  c:. 87 . T o t a l  accumulated ch i l ldown 

hydrogen flow i s  shown a s  a  f u n c t i o n  of t h e  l i m i t i n g  vapor volume f r a c t i o n  

i n  Fig.  8 2 4  and cor responding  payload l o s s e s  i n  Fig .82B . liihile n o t  p a r -  

t i c u l a r l y  r e p r e s e n t a t i v e  o f  a  r e a l i s t i c  s i t u a t i o n ,  t h e  s e a  l e v e l  d a t a  a r e  

i n c l u d e d  i n  F ig .  82 t o  sliow t h a t  even though i t  t a k e s  l o n g e r  t o  o b t a i n  

p u r e  l i q u i d  a t  t h e  pump i n l e t  a t  s e a  l e v e l  (Fig .  87 ) ,  t h e  assumed f l o w r a t e  

t r e n d  i n  Fig .  7 8 i s  such t h a t  t h e  composite r e s u l t  i s  a  s m a l l e r  pay load  

l o s s  f o r  most r e p r e s e n t a t i v e  vapor  pumping l i m i t s .  

Pump Chilldown. The p reced ing  d i s c u s s i o n  a p p l i e s  p r i m a r i l y  t o  c a s e s  

where h e a t  t r a n s f e r  t o  t h e  f low w i t h i n  t h e  pump is n e g l i g i b l e .  However, 

some a d d i t i o n a l  flow may be vapor ized  i f  it i s  h e a t e d  a s  i t  p a s s e s  th rough  

t h e  pump. A vapor  pumping l i m i t  a l s o  e x i s t s  i n  t h i s  c a s e ,  b u t  t h e  mecha- 

nism may be d i f f e r e n t  t h a n  b e f o r e  where choking i n  t h e  i n l e t  i n d u c e r  

b l a d e s  was found t o  cause  a  s e v e r e  drop i n  d i s c h a r g e  p r e s s u r e  and r e s u l t  

i n  a  f l o w - l i m i t i n g  s i t u a t i o n .  I f  h e a t  i s  t r a n s f e r r e d  w i t h i n  t h e  pump pas -  

s a g e s  choking may o c c u r  any\vhere w i t h i n  t h e  pump depending on r o t a t i o n a l  

speed,  pump geometry, and h e a t i n g  r a t e s .  Not t o o  much i s  known about t h e  

d e t a i l s  o f  t h i s  p r o c e s s  a s  y e t ,  b u t  i t  i s  an a r e a  d e s e r v i n g  o f  a t t e n t i o n  

i n  f u r t h e r  s t u d i e s .  Pump d e s i g n  and i n s u l a t i o n  can be expec ted  t o  i n f l u e -  

ence flow p r o p e r t i e s  s i g n i f i c a n t l y  wi th  a  r e s u l t a n t  i n f l u e n c e  on s t a r t  

c h a r a c t e r i s t i c s .  The magnitude o f  t h e s e  e f f e c t s  w i l l ,  o f  c o u r s e ,  depend 

s t r o n g l y  on t h e  sys tem i n  q u e s t i o n .  



Chilldown Time, t ,  Seconds 

Figure 8 1 .  Flow Qual i ty  a t  t h e  Pump I n l e t  f o r  t h e  J -2s  Engine (Sea-Level 
Data From Ref 7 and Conservat ive A l t i t ude  Est imate  Based on 
Temperature Data :From Fig. 7 8 ) 





The manner i n  which h e a t  t r a n s f e r  a f f e c t s  pump performance i f  flow i s  not  

vaporized wi th in  t h e  pump i s  approximated by t h e  d a t a  presented i n  Fig.  70. 

To determine t h e  e f f e c t  of  t h i s  change i n  performance on a  t y p i c a l  engine  

s t a r t ,  t h e s e  d a t a  were superimposed on t h e  $ - 4 curves i n  t he  s t a r t  model 

and used i n  conjunct ion with assumed hea t ing  r a t e s  i n  a  range r ep re sen ta -  

t i v e  o f  t h e  S-IVB chilldown flows and i n i t i a l  temperature d i s t r i b u t i o n .  

Since h e a t i n g  r a t e s  a r e  a l s o  a  func t ion  o f  f l owra t e ,  an i t e r a t i o n  is 

r equ i r ed  f o r  p r e c i s e  r e s u l t s ,  bu t  c o r r e c t  t r ends  a r e  r e f l e c t e d  by simply 

us ing  t h e  chilldown d a t a  d i r e c t l y  i n  conjunct ion wi th  t h e  performance d a t a  

i n  Fig. 7 0 .  Resul t s  ob ta ined  us ing  t h i s  procedure a r e  presented i n  F ig .83  . 
A s  i n d i c a t e d ,  engine s t a r t  t ime (Fig. 83B) i s  r e l a t i v e l y  unaffected.  How- 

ever ,  t h e  increased  r e s i s t a n c e  e a r l y  i n  t h e  t r a n s i e n t  causes a  b r i e f  mix- 

t u r e  r a t i o  overshoot  and an excursion i n t o  t h e  uns t ab le  reg ion  f o r  t h e  pump. 

Because o f  t h e i r  s h o r t  du ra t ion  and a  normal t ime l a g ,  t hese  c h a r a c t e r i s t i c s  

may no t  n e c e s s a r i l y  h inde r  engine opera t ion ,  b u t  s i n c e  they a r e  r ep re sen ta -  

t i v e  o f  t h e  e f f e c t s  o f  pump h e a t  i n p u t ,  methods of  e l imina t ing  them were 

s tud ied .  Primary emphasis was p laced  on inco rpora t ion  of  a  m u l t i p o s i t i o n  

o x i d i z e r  va lve ,  which e a r l i e r  s t u d i e s  have shown t o  be t h e  most e f f e c t i v e  

means o f  mixture r a t i o  con t ro l  dur ing  s t a r t .  

I t  was found t h a t  t h i s  con t ro l  a lone was s u f f i c i e n t  t o  reduce these  unde- 

s i r a b l e  e f f e c t s  t o  a  minimum as  shown i n  Fig. 84C and 84D. The c o n t r o l  

va lve  p o s i t i o n s  corresponding t o  t h e s e  t r a n s i e n t s  a r e  i nd ica t ed  i n  Fig.  8 4 ~ .  

I t  can be seen  i n  Fig. 84B t h a t  t hese  added c o n t r o l  requirements do, how- 

ever ,  r e s u l t  i n  a  small  i nc rease  i n  s t a r t  time. I t  was a l s o  found t h a t ,  

once an acceptab le  con t ro l  sequence was e s t a b l i s h e d ,  t h e  aforementioned 

undes i r ab le  e f f e c t s  of  pump h e a t  i npu t  a r e  e f f e c t i v e l y  e l imina ted  by t h i s  

sequence f o r  t h e  cases  of  prolonged h e a t i n g  per iods  examined i n  t h i s  s tudy  

(Fig. 8 5 ) .  

Coating Ef fec t s .  I n s u l a t i o n  eoat'ings on t h e  su r f ace  o f  pump passages 

can a l s o  improve performance with h e a t  t r a n s f e r .  A d e s i r a b l e  coa t ing  

would be  one which r e s u l t e d  i n  a  r a p i d  s u r f a c e  c h i l l  and low h e a t  f l u x  t o  
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t h e  p r o p e l l a n t  a t  t h e  low flows corresponding t o  t h e  beginning o f  t h e  

s t a r t  sequence t o  provide minimum r e s i s t a n c e  dur ing  t h i s  c r i t i c a l  pe r iod ,  

S t a r t  t r a n s i e n t s  generated a s  be fo re  showing t h e  e f f e c t s  o f  t h i s  h e a t i n g  

c h a r a c t e r i s t i c  a r e  presented  i n  Fig.86 . S t a r t  c o n t r o l s  employed wi th  t h e  

coated pump (case A i n  Fig. 86 ) a r e  i d e n t i c a l  t o  those  used f o r  t h e  r e f -  

erence case.  The t r a n s i e n t  with high i n i t i a l  h e a t  i npu t  and two-posi t ion 

o x i d i z e r  va lve  con t ro l  i s  a l s o  shown f o r  purposes o f  comparison. I t  must 

be  mentioned t h a t  t h e  d i f f e r e n c e s  i n  h e a t i n g  r a t e s  f o r  t h e  two cases  i n  

Fig. 8 6 ~  a r e  f i c t i t i o u s  and may no t  be  a t t a i n a b l e  i n  an a c t u a l  system. 

The r a t e  f o r  case  A i s  intended t o  s e rve  only a s  an example t o  i l l u s t r a t e  

p o t e n t i a l  b e n e f i t s  o f  t h e  coa t ing  i f  t h i s  h e a t i n g  c h a r a c t e r i s t i c  can be  

achieved. Examination of  Fig. 86B, C ,  and D i n d i c a t e s  t h a t  f o r  t h e  

assumed condi t ions  t h e s e  b e n e f i t s  may be s i g n i f i c a n t  i n  terms o f  reduced 

s t a r t  t ime (due t o  t h e  reduced con t ro l  requirement) and improved pump 

s t a b i l i t y  and mixture r a t i o  t r a n s i e n t s  (due t o  t h e  reduced i n i t i a l  h e a t  

i n p u t ) .  

I t  should be  noted i n  t h i s  regard t h a t ,  s i n c e  i n i t i a l  hea t  input  t o  t h e  

flow from t h e  wa l l s  o f  t he  t h r u s t  chamber i s  neglec ted  i n  t h e  s t a r t  model, 

t h e  e f f e c t s  o f  pump h e a t  input  and subsequent improvements provided by 

coa t ings  may appear pronounced. This may o r  may no t  be t h e  case ,  depend- 

i n g  on t h e  system. Data presented  i n  Ref. 6  (reproduced i n  Fig. 87) i n d i -  

c a t e  t h a t  pump h e a t i n g  e f f e c t s  s t rong ly  predominate over t h e  in f luence  o f  

t h r u s t  chamber hea t  input  f o r  small  systems. La ter  s t u d i e s  proved t h a t  

pump coa t ings  provided s u b s t a n t i a l  s t a r t  improvements f o r  t hese  systems, 

which suppor ts  t h e  t rends  noted i n  Fig. 86 and 88. On t h e  o t h e r  hand, t h e  

5 - 2  system experiences much h ighe r  i n i t i a l  hea t  input  t o  t h e  flow from t h e  

t h r u s t  chamber than  from t h e  pump. In t h i s  case pump hea t ing  e f f e c t s  a r e  

l e s s  pronounced and improvements provided by pump coa t ings  w i l l  be  l e s s .  

Of course,  a d d i t i o n a l  con t ro l  requirements due t o  t h e  pump hea t ing  e f f e c t  

w i l l  a l s o  be reduced, and t h e  n e t  e f f e c t  w i l l  be  a  s t a r t  t r a n s i e n t  very 

s i m i l a r  t o  t h e  case  without  h e a t  input .  





a
 Chi

ll
e

d
 P

um
p,

 
T

h
ru

st
 C

ha
m

be
r 

T
em

p
er

at
u

re
 =

 
23

0 
R 

@
 C

h
il

le
d

 P
um

p,
 

T
h

ru
st

 C
ha

m
be

r 
T

em
p

er
at

u
re

 =
 

53
0 

R 

@
 P

um
p 

T
em

p
er

at
u

re
 =

 
23

0 
R 

T
h

ru
st

 C
ha

m
be

r 
T

em
p

er
at

u
re

 =
 

45
0 

R 

Pu
m

p 
T

em
p

er
at

u
re

 =
 

53
0 

R 
@

 T
h

ru
st

 
C

ha
m

be
r 

T
em

p
er

at
u

re
 

= 
53

0 
R 

T
im

e,
 

se
co

n
d

s 

F
ig

u
re

 8
7.

 
E

n
g

in
e 

S
ta

rt
 T

ra
n

si
e

n
t 

W
it

h 
C

h
il

l 
F

o
r 

a 
30

,0
00

 
Lb

 
T

h
ru

st
 E

n
g

in
e 

(R
ef

. 
7 

) 



0 
0
 

0.
5 

1
.0

 
1

.5
 

2
.0

 
L.
 
5
 

?.
C 

j
/
5
 

4
.0

 

T
ir

e
/S

e
c

o
n

d
s 

F
ig

u
re

 8
8.
 

F
u

el
 

T
em

p
er

at
u

re
 a

t 
Pu

m
p 

D
is

c
h

a
rg

e
 D

u
ri

n
g

 f
ir

ig
in

a
l 

S
ta

rt
 S

li
o

\~
in

g
 th

e
 E

ff
e

c
ts

 
o

f 
In

te
rn

a
ll

y
 C

o
a

ti
n

g
 t

h
e

 P
um

p 
a

n
d

/o
r 

D
u

ct
in

g
 

N
o 

A
1 t

e
rn

a
ti

o
n

 

0.
00

21
1 

K
el

-F
 

C
o

a
ti

n
g

 o
n

 R
o

ta
ti

n
g

 P
a

rt
s

 o
f 

Pu
m

p 

0
.0

1
0

" 
K

el
-F

 
C

o
a

ti
n

g
 o

n
 D

u
c

ti
n

g
 

an
d

 N
o

n
-R

o
ta

ti
n

g
 

P
a

rt
s

 o
f 

Pu
m

p 

0
.0

0
2

" 
K

el
-F

 
C

o
a

ti
n

g
 o

n
 R

o
ta

ti
n

g
 P

a
rt

s
 o

f 
Pu

m
p 

an
d

 0
.0

10
" 

K
el

-F
 

C
o

a
ti

n
g

 o
n

 D
u

c
ti

n
g

 
an

d
 

N
o

n
-R

o
ta

ti
n

g
 

P
a

rt
s

 o
f 

Pu
m

p 

B
u

tt
e

rf
ly

 V
al

v
e 

R
e

p
la

c
in

g
 C

a
v

it
a

ti
n

g
 



Analysis of Saturn S-IVB Stage Fuel Lead Chilldown 

A s t a r t  sequence with f u e l  lead  thermal condi t ion ing  of t h e  5-2 engine sys-  

tem i n  the  Sa turn  S-IVB s t a g e  was analyzed t o  provide  a  backup s t a r t  sequence 

i n  t h e  event  t he  normal pump r e c i r c u l a t i o n  precondi t ion ing  system (Fig 8 9 )  

became inope ra t ive .  An a n a l y s i s  of f u e l  lead condi t ion ing  of t he  5-2 engine 

was conducted t o  determine t h e  optimum f u e l  lead  t ime t o  provide  adequate 

c h i l l i n g  o f  t h e  hydrogen turbopump, i n l e t  duc t ,  and t h r u s t  chamber cool ing  

jacke t  without  o v e r c h i l l i n g  t h e  i n j e c t o r .  

Normally, t h e  r e c i r c u l a t i o n  system pumps 120 gpm i n t o  t h e  i n l e t  duct  below 

the  f u e l  preva lve ,  through t h e  pump and back t o  t h e  f u e l  tank .  Flow con- 

t i n u e s  f o r  approximately 8 minutes t o  c h i l l  t h e  i n l e t  duct  and pump t o  

ensum accep tab le  q u a l i t y  hydrogen a t  t h e  pump i n l e t  during t h e  s t a r t  

t r a n s i e n t .  I f  t h e  r e c i r c u l a t i o n  system malfunct ions,  t h e  f u e l  lead  c h i l l -  

down flow must flow through t h e  pump, t h r u s t  chamber cool ing j acke t ,  and 

i n j e c t o r .  I f  t h e  chilldown i s  too  long, t h e  i n j e c t o r  i s  c h i l l e d  beyond 

normal s t a r t  experience.  I f  t h e  chilldown i s  i n s u f f i c i e n t ,  t h e  pump may 

choke wi th  a  subsequent shutdown of t h e  engine s i g n a l l e d  by an inadequate  

t h r u s t  bu i ldup .  A r e s t a r t  cannot be accomplished a f t e r  an abor ted  s t a r t  

because of t h e  i n a b i l i t y  t o  r e f i l l  t h e  s p i n  b o t t l e s ,  which i s  normally 

accomplished dur ing  mainstage ope ra t ion .  

Thrust  Chamber Chilldown. The f u e l  i n j e c t i o n  temperature i s  an i n d i c a t o r  

of t h e  tube  bundle and i n j e c t o r  chilldown during f u e l  l ead .  Normal f l i g h t  

experience shows t h a t  LH2 temperatures  have been maintained a t  t h e  main 

i n j e c t o r  f o r  no longer  than  approximately 3 seconds. Engine development 

experience has shown the  main chamber combustion process  may b e  u n s a t i s -  

f a c t o r y  with an extended LH2 flow condi t ion  ( longer  than  3 seconds) a t  

t h e  i n j e c t o r .  F igure  90 shows t h e  i n j e c t i o n  tempesature f o r  t h e  t h i r d  

burn experiment of t h e  S-IVB s t a g e  during f l i g h t  AS-504. The f u e l  tank  

was not  p re s su r i zed  p r i o r  t o  chilldown and t h e  pump i n l e t  p re s su re  increased  

from 22.5 t o  28.5 h s i a  during t h e  time per iod  shown. The pump i n l e t  p re s -  

s u r e  during t h e  e n t i r e  52-second chilldown is shown i n  F ig .  9 1 ,  The f u e l  



A U X I L I A R Y  LH2 TANK 

PRESSURIZATION 
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Figure 89A. Schematic of Saturn S-IVB Stage Engine Preconditioning 
and Tank Pressurization Systems 
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504 Third Burn Chilldown 

; \nalyt icai  correct ibn f o r  
Constant Pump I n l e t  Pressure 

12  14 16 0 2 4 6 8 10 

Time From S t a r t  of Fuel Lead, Seconds 

Figure 90. Thrust  Chamber Chilldown f o r  S-IVB Stage 

Figure 91. Fuel Pump I n l e t  Pressure f o r  Third Burn of  S-IVB Stage 
f o r  F l i g h t  AS-504 



i n j e c t i o n  temperature curve (Fig.  90) was co r r ec t ed  t o  a cons tan t  pump 

i n l e t  p re s su re  of  30 p s i a  (normal f l i g h t  condi t ion)  us ing  t h e  5-2 engine 

system s t a r t  model. Allowing 3 seconds a t  LH temperature d i c t a t e s  a max- 2 
i m u m  f u e l  lead  o f  16.5 seconds f o r  a 30-psia  pump i n l e t  p re s su re  and an 

i n i t i a l  t h r u s t  chamber temperature of approximately 44 R .  

Pump Chilldown. Previous s t u d i e s  of  t h e  soakback and chilldown cha rac t e r -  

i s t i c s  of t h e  Mark 15 f u e l  pump (Fig. 130 of Ref.  6) were used t o  determine 

t h e  soakback temperature i n  t h e  pump and t u r b i n e  a s  a func t ion  of t h e  

v e h i c l e  coas t  t ime.  The t r a n s i e n t  chilldown a n a l y s i s  presented  i n  Ref .  6 

was no t  app l i cab le ,  however, s i n c e  i t  was determined f o r  a d i f f e r e n t  s t a r t  

t r a n s i e n t .  Chilldown ana lyses  were conducted us ing  t h e  TAP I1 program 

geometry (Fig. 129 of  Ref. 6 ) .  The program output  was modified s l i g h t l y  

t o  inc lude  t h e  r o t o r  b l ades  and t h e  reg ion  around t h e  o u t l e t  manifold.  

E s s e n t i a l l y  no h e a t  flows from t h e  s t a t o r  t o  t h e  hydrogen. The main h e a t  

sources a r e  t he  r o t o r  and t h e  r o t o r  blades. .  

Severa l  chilldown t r a n s i e n t s  were analyzed. These included (1) a v a r i a b l e  

tank p re s su re  b l eed  (Fig. 91)  t y p i c a l  of t h e  t h i r d  burn experiment on 

AS-504, and (2) a cons tan t  tank p re s su re  b leed  (P = 30 p s i a )  and a s p i n  

b o t t l e  s t a r t  a f t e r  a f u e l  lead  chilldown t y p i c a l  of t h e  backup s t a r t  sequ- 

ence f o r  t h e  S-IVB. The chilldown a n a l y s i s  was conducted assuming p r i o r  

3- and 4-hour coas t  pe r iods ,  a s  wel l  a s  an ambient pump. 

P red ic t ed  pump h e a t  r e j e c t i o n  r a t e s  f o r  t h e  AS-504 chilldown f lowra te  a r e  

shown i n  F ig .92  . The chilldown f lowra te  shown i s  t h e  r e s u l t  of a simu- 

l a t i o n  on t h e  5-2  s t a r t  model of t h e  t h i r d  burn f u e l  lead  during f l i g h t  

AS-504. The f lowra te  monitored during t h e  i n i t i a l  chilldown t r a n s i e n t  

was inaccu ra t e  because of  overspinning of t h e  flowmeter caused by t h e  

hydrogen vapor. A s  shown, t h e  p red ic t ed  h e a t  r e j e c t i o n  r a t e s  a r e  about 

twice  a s  l a r g e  f o r  a 3-hour coas t  a s  f o r  a 1-hour coas t .  S imi l a r  r e s u l t s  

f o r  a cons tan t  30-ps ia  tank p re s su re  b leed  a r e  shown i n  F ig .  9 3 .  These 

r e s u l t s  a r e  more t y p i c a l  of t h e  expected AS-505 f l i g h t  p r o f i l e .  Pump 

hea t  r e j e c t i o n  r a t e s  f o r  AS-505 f o r  a given coas t  t ime a r e  h igher  due 

t o  t h e  h igher  f u e l  f lowra tes  obtained a t  t he  h igher  tank pressure .  
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The t h i r d  pump chilldown s tudy  was conducted f o r  ( 3 )  a  cons tan t  tank p r e s -  

s u r e  of 30 p s i a  and a  s p i n - b o t t l e  s t a r t  a f t e r  8  seconds of chi l ldown.  Re- 

s u l t s  a r e  shown i n  F ig .  94. This i s  t y p i c a l  of t h e  backup AS-505 S-IVB 

s t a r t  sequence t h a t  w i l l  b e  used i n  t h e  event of a  r e c i r c u l a t i o n  system 

f a i l u r e .  Depending on t h e  o r b i t  i n  which the  engine i s  r e s t a r t e d ,  c o a s t  

per iods  o f  e i t h e r  135 o r  240 minutes (2.25 o r  4.0 hours)  a r e  expected. 

The h e a t  r e j e c t i o n  r a t e  a t  8  seconds with the  s p i n  b o t t l e  s t a r t  i s  approx- 

imate ly  2 .5 t imes  h i g h e r t h a n  without t h e  sp in  s t a r t  because t h e  f u e l  flow- 

r a t e  i s  much h ighe r  (45 lb / sec  a s  compared t o  5  l b / s e c ) .  Although the  

h e a t  i npu t  i s  h igher  f o r  a  s p i n  s t a r t ,  t h e  enthalpy r i s e  and consequent ly 

t h e  q u a l i t y  of t h e  p r o p e l l a n t  through t h e  pump decreases  cons iderably .  

The h ighe r  h e a t  i npu t  r e s u l t s  i n  a  more r ap id  chilldown with t h e  s p i n  s t a r t .  

E f f e c t s  of Pump Heat Rejec t ion .  Throughout t he  chilldown t r a n s i e n t  fol low- 

i n g  a  3-hour coas t ,  t h e  h e a t  r e j e c t i o n  r a t e  f o r  t h e  pump i s  l e s s  than  2 

percent  of t h e  r a t e  f o r  t h e  t h r u s t  chamber and, t h e r e f o r e ,  has  no e f f e c t  

on t h e  chamber chilldown. Following a  3- t o  4-hour coas t ,  an engine s t a r t  

us ing  t h e  5-2 system model was conducted with a  sp in  b o t t l e  s t a r t  a f t e r  

8  seconds of f u e l  lead  (Fig.94 ) .  The r e s u l t i n g  f u e l  f l owra t e ,  f u e l  pump 

head and flow, and f u e l  i n j e c t i o n  temperature t r a n s i e n t s  a r e  shown i n  Fig. 95, 

9 6 ,  and 9 7 ,  r e s p e c t i v e l y .  A comparison of t h e s e  t h r e e  f i g u r e s  wi th  those  

f o r  a  co ld  pump engine s t a r t  i n d i c a t e d  t h e  f u e l  pump hea t  add i t i on  r a t e  shown 

i n  Fig. 94 has  no e f f e c t  on t h e  engine s t a r t  t r a n s i e n t .  

Hydrogen Qual i ty  With Cold I n l e t  Duct. Hydrogen q u a l i t y  w i th in  the  pump 

i s  a  func t ion  of t h e  hea t  r e j e c t i o n  from t h e  pump and t h e  q u a l i t y  of t h e  

hydrogen a t  t h e  pump i n l e t .  The l a t t e r  is  determined by t h e  degree of  

subcooling i n  t h e  f u e l  tank and by t h e  hea t  r e j e c t i o n  from t h e  i n l e t  duc t .  

The i n l e t  duct geometry i s  shown i n  F ig .  9 8 .  

For t h e  first case  examined, t h e  wal l  temperature of t h e  i n l e t  duct was 

assumed t o  be equal  t o  t he  hydrogen-saturat ion temperature.  This  impl ies  

t h a t ,  a s  soon a s  tank hydrogen reaches t h e  pump i n l e t ,  t h e  i n l e t  q u a l i t y  

w i l l  b e  zero .  This  c l o s e l y  s imula tes  t h e  condi t ion  j u s t  p r i o r  t o  t h e  

t h i r d  burn on AS-504, when it took approximately 2.5 seconds t o  o b t a i n  





8.8 9.6 10.4 11.2 

Time From Engine S t a r t ,  t ,  Seconds 

Figure 95. Fuel Flowrate Trans ien t  from 5-2 System S t a r t  Model 
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Figure 98. Saturn S-IVB Stage Propellant Feed System 
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s a t u r a t i o n  temperature a t  t h e  pump i n l e t  as  shown i n  F ig .  9 9 .  The f a c t  

t h a t  t h e  i n l e t  duc t  i s  a t  s a t u r a t i o n  temperature does not  imply t h a t  

LH2 w i l l  immediately e n t e r  t h e  pump because t h e  hydrogen q u a l i t y  a t  t h e  

pump i n l e t  can be  anywhere between 0 and 100 percent  u n t i l  t h e  tank hydro- 

gen e n t e r s  t h e  pump. 

The time requi red  f o r  f u e l  t o  pas s  through t h e  i n l e t  duct  can be determined 

from Fig.100.  These p r e d i c t i o n s  a r e  based on a l i n e  capac i ty  of 31 pounds 

of LH and t h e  f lowra t e  schedules  f o r  t h e  corresponding s t a r t  sequence. 2 
The time f o r  a p a r t i c l e  of  f l u i d  t o  pas s  through t h e  duct  a t  any given 

time is then  determined by how long i t  t akes  t o  p u t  31 pounds i n t o  t h e  

duc t .  The a n a l y s i s  assumes a n e g l i g i b l e  g r a v i t y  f i e l d ,  which i s  t h e  c a s e  

f o r  a t y p i c a l  r e s t a r t  t o  g ) .  For t h e  ramped tank p re s su re  case  

(Fig. 9 1 ) ,  about 13 seconds a r e  r equ i r ed  f o r  t h e  tank hydrogen t o  reach  

t h e  pump i n l e t ,  a s  compared t o  10 seconds f o r  t h e  cons tan t  tank p r e s s u r e  

case  (30 p s i a ) .  The cons tan t  tank p re s su re  case  wi th  a sp in  b o t t l e  s t a r t  

a t  8 seconds d e l i v e r s  tank hydrogen t o  t h e  pump i n l e t  i n  8.35 seconds. 

F igure  10lshows t h e  p red ic t ed  hydrogen q u a l i t y  a t  t h e  pump o u t l e t  f o r  t h e  

ramped and cons tan t  tank p re s su re  cases  (without s p i n  b o t t l e  s t a r t ) .  The 

hydrogen q u a l i t y  a t  t h e  pump i n l e t  i s  unknown f o r  t h e  f i r s t  13  seconds 

(ramped tank  p re s su re )  o r  10 seconds (cons tan t  tank p r e s s u r e ) .  Af t e r  t h i s  

pe r iod ,  t h e  i n l e t  duct  i s  assumed t o  be a t  s a t u r a t i o n  temperature and, 

consequent ly,  t h e  hydrogen e n t e r s  t h e  pump as  a l i q u i d  (zero q u a l i t y ) .  

The pump o u t l e t  q u a l i t y  i s  determined by t h e  h e a t  i npu t  from t h e  pump 

( F i g . 9 2  a n d 9 3 ) .  

Hydrogen Qual i ty  With Warm I n l e t  Duct, An e s t ima te  of t h e  f u e l  i n l e t  duct  

h e a t  r e j e c t i o n  i n t o  t h e  hydrogen was made assuming var ious  uniform i n i t i a l  

duct  wa l l  temperatures  (same f o r  both 8- and 10-inch duc ts )  up t o  400 R .  

The case  shown i n  F i g . 1 0 2 i s  f o r  a cons tan t  tank p re s su re  of 30 p s i a  wi th  

a s p i n  b o t t l e  s t a r t  a t  8 seconds. Heat t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  low 

v e l o c i t y  hydrogen wi th in  t h e  duct  were determined from Ref. 7 .  Heat r e -  

j e c t i o n  r a t e s  t o  t he  hydrogen i n i t i a l l y  decreases  with time a s  t h e  wal l  

temperature drops,  then inc rease  f o r  a s h o r t  du ra t ion  due t o  t h e  inc reased  

f lowra te .  There i s  a time lag  between the  inc rease  i n  f u e l  and t h e  i n c r e a s e  

i n  h e a t  r e j e c t i o n  r a t e  t o  t h e  hydrogen due t o  t h e  time requi red  f o r  t h e  

hydrogen t o  pass  through t h e  i n l e t  duc t .  
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Time Fuel Particle Leaves Inlet Duct, Seconds 
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Using Fig.102, t h e  hydrogen q u a l i t y  a t  t h e  pump i n l e t  was es t imated  a s  a 

func t ion  of t ime and i n i t i a l  duct  temperature,  and i s  presented  i n  Fig.103. 

Although t h e  h e a t  input  i nc reases  with f lowra te ,  t h e  enthalpy and hence 

t h e  q u a l i t y  decrease .  A s e p a r a t e  a n a l y s i s  (Fig.  10 4) i n d i c a t e s  t h a t  t h e  

Mark 15 LH2 pump can ope ra t e  with 13  t o  25 percent  vapor by volume (o r  

0.58 t o  1.25 pe rcen t  q u a l i t y  vapor by weight) .  These vapor f r a c t i o n  oper- 

a t i n g  limits a r e  a t  t h e  pump design and the  s t a l l  l i q u i d  flow c o e f f i c i e n t s ,  

r e s p e c t i v e l y .  This  i n d i c a t e s  t h a t ,  f o r  a 100 R i n i t i a l  duct  temperature,  

t h e  pump would have excess ive  hydrogen q u a l i t y  f o r  0 .7 second a f t e r  s p i n  

b o t t l e  s t a r t .  This i nc reases  t o  0 .9  second f o r  a 200 R duct and t o  2 .3  

seconds f o r  a 400 R duc t .  F igures105 a n d 1 0 6 a r e  t h e  corresponding curves 

f o r  i n l e t  duct  chilldown without t h e  s p i n  b o t t l e  s t a r t .  

Compared t o  t h e  engine s t a r t  sequence, a l l  t h r e e  duct  chilldown t imes a r e  

excess ive  because gas genera tor  (GG) i g n i t i o n  occurs i n  about 0 . 6  second 

a f t e r  t h e  s p i n  b o t t l e  s t a r t .  I f  f u l l  hydrogen flow i s  no t  ob ta ined  p r i o r  

t o  t h i s  t ime,  t h e  GG and the  t u r b i n e  b lades  can overheat  because of exces-  

s i v e  GG mixture r a t i o .  Also, t h e  main ox id i ze r  va lve  opens t o  i t s  f irst  

p o s i t i i o n  and wi th  inadequate  f u e l  flow, overheat ing of t h e  combustor and 

nozz le  can occur .  A s  a t h i r d  r e s t r a i n t  (appl icable  t o  t h e  400 R i n i t i a l  

duc t  temperature with a s p i n  b o t t l e  s t a r t  a t  8 seconds) ,  a reduced f u e l  

f l owra t e  w i l l  r e s u l t  i n  reduced chamber p re s su re .  I f  t h e  chamber p re s su re  

does no t  reach 500 p s i  w i th in  3.5 seconds a f t e r  t h e  s p i n  b o t t l e  s t a r t ,  t h e  

engine au tomat ica l ly  s h u t s  down. 

Consequently, t h e r e  a r e  s e v e r a l  f a c t o r s  t o  be considered a s i d e  from whether 

t h e  f u e l  pump w i l l  choke i n i t i a l l y  and then recover  as  t h e  pump i n l e t  q u a l i t y  

drops below t h e  choking l i m i t .  I t  would appear d e s i r a b l e  t o  use a s p i n  

b o t t l e  s t a r t  sequence which would provide f u e l  q u a l i t i e s  below 0 . 5  t o  1 .0  

pe rcen t  (by weight) p r i o r  t o  t h e  G G  i g n i t i o n .  Because of t h e  time r equ i r ed  

t o  prime t h e  i n l e t  duct  with tank LH2,  t h i s  i s  d i f f i c u l t  t o  achieve with 

an 8-second s p i n  b o t t l e  s t a r t  un l e s s  most of t h e  i n l e t  duct  i s  a l r eady  a t  

t h e  hydrogen s a t u r a t i o n  temperature.  
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Figure  104. Vapor Pumping Capaci t ies  f o r  hII( 15 LH Pump 
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By de lay ing  t h e  sp in  b o t t l e  s t a r t  t o  10 seconds, t h e  i n l e t  duct  w i l l  b e  

primed wi th  tank hydrogen and t h e  f u e l  q u a l i t y  should be low enough w i t h i n  

0.6 second (GG i g n i t i o n )  f o r  i n i t i a l  duct  wal l  temperatures  below 100 R ,  

a s  shown i n  Fig.107. For warmer duc ts ,  a longer  chilldown is  r equ i r ed .  

Without b e n e f i t  of a s p i n  b o t t l e  s t a r t ,  about 17.5 seconds of f u e l  l e a d  

would be  necessary  t o  achieve t h e  requi red  f u e l  i n l e t  with an i n i t i a l  duc t  

temperature of 400 R .  

A s  high a s  4 degrees subcooling of t h e  tank hydrogen has been observed 

j u s t  p r i o r  t o  chilldown a s  a r e s u l t  of tank p r e s s u r i z a t i o n .  This  subcool-  

i ng  has  a l a rge  e f f e c t  on t h e  hydrogen q u a l i t y  a t  t h e  pump i n l e t  dur ing  

f u e l  l ead  chilldown, e s p e c i a l l y  f o r  high i n i t i a l  duct  wal l  t empera tures .  

The time r equ i r ed  t o  reduce t h e  vapor a t  t h e  pump i n l e t  t o  25 percent  by 

volume is shown i n  F ig .109  a s  a func t ion  of subcooling.  

Summary of  F l i g h t  Data.  The above a n a l y s i s  assumes t h a t  t h e  i n l e t  duc t  

is i n i t i a l l y  at a uniform temperature over i t s  f u l l  l eng th .  There i s  some 

p o s s i b i l i t y  t h a t  t h e  f u e l  geysers  through a p o r t i o n  of t h e  i n l e t  duct  when 

t h e  preva lve  i s  open, thereby maintaining LH2 temperatures  a t  t h a t  p o r t i o n  

cont inuously.  For t h i s  ca se ,  t h e  p red ic t ed  h e a t  i npu t  i n t o  t h e  f u e l  would 

b e  l e s s  than  t h a t  prev ious ly  p red ic t ed  f o r  t h e  cases  i n  which t h e  f u l l  

l ength  was assumed t o  be  a t  a uniform temperature.  

An a n a l y s i s  of t h e  chilldown f o r  t h e  AS-504 (S-IVB) t h i r d  burn i n d i c a t e s  

t h a t  f u e l  s a t u r a t i o n  temperature was obtained a t  t h e  pump i n l e t  i n  2 t o  

2.5 seconds (F ig .  99 ) . For a f l owra t e  of 120 gpm (about 1.1 l b / s e c  LH2), 

t h e  f l u i d  t r a v e l s  about 2 f e e t  i n  2.5 seconds. Consequently, it may b e  

concluded t h a t ,  f o r  t h i s  case ,  t h e  remainder of t h e  f u e l  duct  must be  a t  

t h e  hydrogen s a t u r a t i o n  temperature (approximately 42 R ) .  This  conclus ion  

may be  somewhat o p t i m i s t i c ,  however, s i n c e  t h i s  chilldown followed a 60- 

second burn and an 1.33-hour coas t  compared t o  t h e  more usua l  mission 

p r o f i l e  of  a 120-second burn and a 2.5- t o  4-hour coas t  pe r iod .  



Hydrogen Quality by Weight X Percent 

Spin Bottle Start 



spuo3as ' 3  ' a m r ~  uMopIIry3 pea? Iand 



Figure  109 shows r e c i r c u l a t i o n  system chilldown f o r  t he  AS-503 (2.5-hour 

coas t )  and AS-504 (4.5-hour coas t )  and i n d i c a t e s  chilldown times of approx- 

imate ly  30 and 40 seconds, r e s p e c t i v e l y ,  be fo re  t h e  pump i n l e t  temperature 

a t t a i n e d  s a t u r a t i o n  temperature.  I t  should be  noted t h a t  t h e  f u e l  system 

chilldown us ing  t h e  r e c i r c u l a t i o n  pump i s  slower than  t h e  chilldown us ing  

a 30-ps ia  tank head blowdown because t h e  f lowra t e  i s  lower. 
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NOMENCLATURE 

a r e a  

flow passage  a r e a  normal t o  f low d i r e c t i o n  

c o n s t a n t  

b lockage f r a c t i o n  due t o  b l a d e  t h i c k n e s s  and boundary l a y e r  

a x i a l  v e l o c i t y  a t  i n d u c e r  i n l e t  

s p e c i f i c  h e a t  

c h a r a c t e r i s t i c  v e l o c i t y  

t i p  d iamete r  a t  i n d u c e r  i n l e t  

gas  f low f a c t o r  

g r a v i t a t i o n a l  c o n s t a n t  

mass v e l o c i t y  

g r a v i t a t i o n a l  c o n s t a n t  

g r a v i t y  f i e l d  of h e a t  t r a n s f e r  system be ing  s t u d i e d  

e a r t h  g r a v i t y  f i e l d  ( a l s o  used i n  some e q u a t i o n s  t o  d e s i g n a t e  

t h e  convers ion  between lbm and l b f )  

pump head 

h e a t  of v a p o r i z a t i o n  

inducer  b l a d e - t o - b l a d e  s p a c i n g  normal t o  f low d i r e c t i o n  

h e a t  t r a n s f e r  c o e f f i c i e n t  

i n e r t i a  

s p e c i f i c  impulse 

ang le  between b l a d e  and f low d i r e c t i o n  a t  i n d u c e r  l e a d i n g  edge 

thermal  c o n d u c t i v i t y  

c h a r a c t e r i s t i c  l e n g t h  

l e n g t h  



NP SI-I 

Mach number 

mixture r a t i o  

r o t a t i o n a l  speed 

n e t  p o s i t i v e  suc t ion  head 

p re s su re  

volume f  lowrate 

hea t  t r a n s f e r  r a t e  

hea t  i n p u t ,  Btu/lb 

h e a t  f l u x  

r e s i s t a n c e ,  o r  mass f r a c t i o n  

d i s t a n c e  from t h e  su r f ace  t o  t h e  cen te r  of t h e  metal being c h i l l e d  

temperature 

thern~odynamic suppression head 

inducer  b lade  th ickness  

t ime 

t = t h i ckness  

t c  
= chamber time cons tan t  

U = inducer  b lade  t a n g e n t i a l  v e l o c i t y  

V = volume 

V = v e l o c i t y  

W = weight 

w = weight f lowra te  

X = l ength  

X = vapor f r a c t i o n  by weight 

a = vapor f r a c t i o n  by volume 

a = pres su re  r a t i o ,  P / P  d  u 



inducer  i n l e t  b l a d e  a n g l e  r e l a t i v e  t o  t a n g e n t i a l  d i r e c t i o n  

thermal f a c t o r  f o r  TSII 

r a t i o  o f  s p e c i f i c  h e a t s  

wedge a n g l e  f o r  s u p e r s o n i c  f low 

e f f i c i e n c y  

a n g u l a r  a c c e l e r a t i o n  

h u b - t o - t i p  d iamete r  r a t i o  a t  i n d u c e r  i n l e t  

l a t e n t  h e a t  o f  v a p o r i z a t i o n  

ii = mixture  r a t i o  

11 = a b s o l u t e  f l u i d  v i s c o s i t y  

o = d e n s i t y  

o = o b l i q u e  shock wave a n g l e  

i~ = s u r f a c e  t e n s i o n  

T = nondimensional NPSH (2g N P S H / U ~ )  

T = t o r q u e j  t ime  p e r i o d  

@ = f low c o e f f i c i e n t  a t  i n d u c e r  i n l e t  (Cm/U) 

'h = pump head c o e f f i c i e n t  

S u b s c r i p t s  

1 = l o c a t i o n  1 

1 = i n d u c e r  i n l e t  

1 = upstream of  shcok wave 

2 = l o c a t i o n  2 

2 = p o i n t  o f  maximum blockage w i t h i n  i n d u c e r  

2 = downstream of shock wave 

a  = ambient 



bo = burnout weight 

b  = bulk 

C = coat ing ,  convect ive,  c ross  s e c t i o n  t o  t h e  flow 

c = chamber, c r i t i c a l  

cold = cold  pump su r f aces  

D = des ign ,  pump d ischarge  

des = design 

d = downstream 

f  = f u e l  

ho t  = warm pump su r faces  

i = i nve r se  

i n j  = i n j e c t o r  

5 - 2  - = 5-2 engine va lue  

L = l i n e  

L = l i q u i d  

max = maximum value  

min = 

s a t  = 

minimum value  

metal 

normal t o  shock wave 

nominal 

g ros s  weight 

ox id i ze r  

pump, p r o p e l l a n t  

payload weight 

hea t  t r a n s f e r  su r f ace  

s a t u r a t e d  condi t ion  



T = i n d u c e r  b l a d e  t i p  

T B = tube bundle  

t = t u r b i n e  

t = p a r a l l e l  w i t h  shock wave 

u = upstream 

v  = vapor phase  

vf  = vapor f i l m  

S u p e r s c r i p t s  

* = f low c o n d i t i o n  when choked 

- = average 
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APPENDIX A 

LITERATURE SURVEY 

This appendix descr ibes  p e r t i n e n t  l i t e r a t u r e  on (1) convent ional ly appl ied  

and ( 2 )  plasma-sprayed ma te r i a l s  and coa t ing  techniques.  

CONVENTIONALLY APPLIED POLYMERIC MATERIALS 

The eva lua t ion  of  var ious  c l a s s e s  o f  polymeric ma te r i a l s  according t o  t h e i r  

gene r i c  c l a s s i f i c a t i o n  i s  a s  fol lows:  urethane,  polymide r e s i n  systems, 

and f luorocarbon.  A summary of t h e  p e r t i n e n t  l i t e r a t u r e  survey r e p o r t s  

and d i scuss ions  a r e  presented  below. 

L i t e r a t u r e  Survey Reports 

Urethane Elastomers. t t S t r u c t u r a l  P rope r t i e s  of Glass-Fiber  Filament-Wound 

Cryogenic Pressure Vessels ,"  Toth, J. M . ,  Jr . ,  and J. R. Barber. 

Douglas A i r c r a f t  Company, Santa  Monica, C a l i f o r n i a ,  and NASA-Lewis Research 

Center ,  Cleveland, Ohio. Paper presented  a t  Cryogenic Engineering Confer- 

ence, August 18-21, 1964 a t  Phi lade lphia ,  Pennsylvania. 

B4echanical p r o p e r t i e s  o f  a  s tandard  polyurethane ma te r i a l  i n  r e l a t i o n  t o  

i t s  a p p l i c a t i o n  i n  cryogenic s e r v i c e  were included i n  t h i s  paper.  Ma te r i a l  

t e s t e d  was Se i lon  UR29E polyurethane. Thermal con t r ac t ion  and u n i a x i a l  

t e n s i l e  t e s t s  were performed inc lud ing  temperatures down t o  -423 F. Uni- 

a x i a l  t e n s i l e  d a t a  o f  t h e  polyurethane ma te r i a l  i s  presented i n  Fig. A-1. 

The t e s t s  were performed a t  -423 F. Thermal con t r ac t ion  d a t a  o f  t h e  poly- 

ure thane  ma te r i a l  t e s t e d  a t  a  temperature range o f  77 t o  -423 F a r e  pre-  

sen ted  i n  Fig. A-2.  The con t r ac t ion  r a t e  of t he  polymeric ma te r i a l  i s  

approximately four  t imes a s  g r e a t  a s  e i t h e r  of  t h e  proposed m e t a l l i c  sub- 

s t r a t e  ma te r i a l s  (Fig. A-2). 



Figure A-1, Polyurethane Material Uniaxial Tensile Data 

0 
77 

Temperature, F 

Figure A-2 .  Polyurethane Material Thermal Contraction Data 

A- 2 



Based on t h e  l a r g e  d i f f e r e n t i a l  i n  thermal con t r ac t ion  r a t e s  between the  

urethane ma te r i a l  and t h e  proposed metal s u b s t r a t e s ,  coupled with i t s  low 

re s idua l  un iax ia l  e longat ion  a t  -423 F ,  t he  cons idera t ion  of  us ing  t h i s  

general c l a s s i f i c a t i o n  of  polymeric ma te r i a l  f o r  cryogenic i n s u l a t i o n  was 

abandoned. 

Unf i l l ed  polyurethane e las tomer ic  ma te r i a l s ,  a s  a  general  c l a s s i f i c a t i o n ,  

maintain good d u c t i l i t y  c h a r a c t e r i s t i c s  a t  low temperatures a s  compared 

with o t h e r  organic  ma te r i a l s .  I t  was hypothesized t h a t  t h i s  proper ty  would 

allow t h e  ma te r i a l  t o  absorb t h e  l a r g e  s t r a i n s  caused by a  d i f f e r e n t i a l  

c o e f f i c i e n t  of  con t r ac t ion  inherent  between polymeric ma te r i a l s  bonded t o  

metal s u b s t r a t e s .  Figure A - 1  p r e sen t s  t h e  r e s u l t s  o f  un iax ia l  t e n s i l e  

t e s t s  performed on a  t y p i c a l  polyurethane elastomer,  Se i lon  UR29E. A t  

l i q u i d  hydrogen temperature (-423 F) ,  t h e  u l t ima te  s t r a i n  o f  t h e  ma te r i a l  

i s  approximately 2 percent  (or  0.02 i n . / i n .  s t r a i n ) .  Data p r e ~ e n t e d  i n  

Fig. A - 2  show t h a t  a t  -423 F ,  t h e  thermal con t r ac t ion  of  t h e  ma te r i a l  i s  

approximately 0.16 i n . / i n . ,  and t h a t  of t h e  t i t an ium i s  0.002 i n . / i n .  

which would allow a  n e t  0.006 in . / i n .  o f  s t r a i n  u n t i l  t h e  u t l i m a t e  uni-  

a x i a l  t e n s i l e  p r o p e r t i e s  a r e  reached. In a c t u a l  a p p l i c a t i o n ,  t h e  ure thane  

ma te r i a l  would be subjec ted  t o  b i a x i a l  o r  poss ib ly  t r i a x i a l  s t r a i n s ,  which 

would f u r t h e r  reduce t h e  allowable 0.006 i n . / i n .  t o  a  nonusable l e v e l .  

Polyimide Resin Systems. "St ruc tura l  P rope r t i e s  of  Glass-Fiber  Filament- 

IVound Cryogenic Pressure Vessels ,"  Toth, J. Ed., Jr. and J. R. Barber, 

Douglas A i r c r a f t  Company, Santa  Monica, C a l i f o r n i a ,  and NASA-Lewis Research 

Center,  Cleveland, Ohio. Paper presented a t  Cryogenic Engineering Confer- 

ence, August 18-21, 1964 a t  Phi lade lphia ,  Pennsylvania. 

The mechanical p r o p e r t i e s  of  a  s tandard  polyimide ma te r i a l  i n  r e l a t i o n  t o  

i t s  a p p l i c a t i o n  i n  cryogenic s e r v i c e  were presented.  Mater ia l  t e s t e d  was 

Polyimide F i l m ,  H-Film (E.  I .  DuPont) . Thermal con t r ac t ion  and u n i a x i a l  

t e n s i l e  t e s t s  were performed inc luding  temperatures down t o  -423 F .  The 

u l t ima te  s t r a i n  on t h e  polyimide f i lm  when t e s t e d  a t  -423 F i n  a  u n i a x i a l  

d i r e c t i o n  was approximately 2 percent  ( o r  0.02 i n . / i n . ) .  The thermal con- 

t r a c t i o n  of  t h e  ma te r i a l  a t  l i q u i d  hydrogen temperatures i s  approximately 

0 .5  percent  ( o r  0.005 i n . / i n . ) .  



The s u b s t a n t i a l  r e s idua l  un iax ia l  e longat ion of  u n f i l l e d  polyimide mater i-  

a l s  and s i m i l a r i t y  of thermal con t r ac t ion  r a t e s  between t h i s  gene r i c  c l a s -  

s i f i c a t i o n  o f  ma te r i a l s  warranted a  f u r t h e r  i n v e s t i g a t i o n  a s  t o  t h e  f e a s i -  

b i l i t y  of using a  polyimide r e s i n  system f o r  cryogenic i n s u l a t i o n  se rv i ce .  

"Final Report, Organic Mater ia l s  t o  be Used as  a  Sea l ing  Face f o r  High 

Temperature, Pressure-Actuated Sea l s , "  Rocketdyne, A Divis ion o f  North 

American Rockwell Corporat ion,  Canoga Park, Ca l i fo rn i a  (unpublished da t a ) .  

Optimum cure cyc les  f o r  t h e  fus ion  of  appl ied  polyimide d i spe r s ions  were 

developed along with process  v a r i a t i o n s  requi red  t o  uniformly meet v i s u a l  

and coa t ing  th ickness  requirements.  Mater ia l  t e s t e d  was RC5069 (polyimide 

varn ish  coa t ing ) ,  E. I. DuPont, Wilmington, Delaware. The optimum cure  

cyc le  included a f i n a l  fus ion  o f  t h e  mater ia l  f o r  8 hours a t  475 F. 

Based on t h e  excess ive  t ime a t  a  temperature considered de t r imenta l  t o  

t h e  p r o p e r t i e s  of  one o f  t h e  proposed metal s u b s t r a t e s  (Tens-50 aluminum), 

t h e  f u r t h e r  cons idera t ion  o f  polyimide ma te r i a l  f o r  cryogenic i n s u l a t i o n  

a p p l i c a t i o n  was no longer  pursued. 

The dec is ion  t o  eva lua te  t h e  use of  polyimide ma te r i a l s  a t  cryogenic 

a p p l i c a t i o n s  was based on t h e  inhe ren t  mechanical and phys ica l  p r o p e r t i e s  

of t h e  ma te r i a l .  The ma te r i a l ,  as  a  general  c l a s s ,  has good low-temperature 

u l t i m a t e  u n i a x i a l  s t r a i n  with approximately 25 percent  o f  t h e  al lowable 

s t r a i n  being u t i l i z e d  f o r  thermal cont rac t ion .  Furthermore, t h e  d i f f e r e n -  

t i a l  con t r ac t ion  r a t e s  between t h e  proposed metal s u b s t r a t e  and t h e  poly- 

imide ma te r i a l s  i s  o f  such a  magnitude t h a t  t h e r e  would be l i t t l e  concern 

as  t o  l o s s  o f  adhesion of  t he  coa t ing  t o  t he  metal r e s u l t i n g  from uneven 

con t r ac t ion .  In  genera l ,  polyimide ma te r i a l s  a r e  tough, r e s i l i e n t  mater i -  

a l s  and would be ab le  t o  withstand t h e  e ros ive  e f f e c t s  of  high-speed 

f l u i d  flowing p a s t  t h e  coat ing.  

Ce r t a in  l i m i t a t i o n s  on t h e  process ing  techniques of  t h e  coa t ing  were es tab-  

l i shed .  One cons idera t ion  was t h e  degradat ion o f  p r o p e r t i e s  of  Tens-50 

c a s t  aluminum a l l o y  when exposed t o  a  t o t a l  maximum accumulated time of 



1.75 hours a t  470 F.  The optimum cure cycle  f o r  t h e  polyimide varn ish  

was based on the  f a c t  t h a t  t h e  combination o f  s o l v e n t s  used i n  polyimide 

varn ishes  a r e  h igh-boi l ing  and r e q u i r e  enough dwell t ime above t h e i r  b o i l -  

i n g  p o i n t  t o  allow them t o  d i f f u s e  through t h e  p a r t i a l l y  cured coa t ings .  

Therefore,  8 hours a t  475 F was e s t ab l i shed  a s  t h e  optimum cure  cyc le  f o r  

t h e  polyimide coa t ings  i n  t h e  0.003- t o  0.005-inch-thickness range. This  

t ime a t  temperature i s  i n  excess  o f  t h e  acceptable  process ing  range o f  

t h e  c a s t  aluminum ma te r i a l  proposed f o r  pump components. An even longer  

schedule would be f o r  t h i c k e r  coa t ings .  

Fluorcarbon Systems. "Final Report,  Program o f  Tes t ing  Nonmetallic 

Ma te r i a l s  a t  Cryogenic Temperatures" (AF04(611)-6354), Rocketdyne, A 

Divis ion of North American Rockwell Corporation, Canoga Park, Ca l i fo rn i a .  

The mechanical p r o p e r t i e s  of  var ious  f luorcarbon m a t e r i a l s  were eva lua ted  

f o r  a p p l i c a t i o n  i n  cryogenic s e rv i ce .  The e f f e c t  o f  adding low c o e f f i c i -  

e n t  of con t r ac t ion  ma te r i a l s  on t h e  r a t e  of  thermal con t r ac t ion  o f  t he  

base r e s i n  was determined. P4aterials t e s t e d  were: TFE* and FEP Teflon,  

Kel-F, f i l l e d  TFE Teflon,  and Kel-F ma te r i a l s .  Thermal con t r ac t ion  d a t a  

a r e  presented  i n  Fig. A-3 and A-4. Figure A-3 i s  a comparison of  t h r e e  

types of  f luorcarbons;  TFE Teflon, FEP Teflon, and Kel-F. Figure A-4 

shows t h e  reduct ion  i n  t h e  con t r ac t ion  r a t e s  o f  a 60-percent f i l l e d  TFE 

as  compared t o  a 12-percent f i l l e d  ICel-F. Tens i le  p r o p e r t i e s  were eva l -  

ua ted  a t  l i q u i d  hydrogen temperatures  with t h e  u l t ima te  s t r a i n  o f  t h e  

Kel-F and TFE ma te r i a l s  being approximately 0.02 in . / i n .  (o r  2 percent )  

while  t h e  FEP i s  approximate ly , twice  t h a t ,  

Based on information presented  i n  t h e  above r e p o r t ,  it was concluded t h a t  

f luorcarbon ma te r i a l s ,  i nc lud ing  both TFE and FEP Teflon and Kel-F mater i -  

a l s ,  a r e  s u i t a b l e  f o r  low-temperature app l i ca t ions .  The f e a s i b i l i t y  o f  

adding low-contraction f i l l e r s  t o  t h e  base r e s i n  and s u b s t a n t i a l l y  reducing 

t h e  r e l a t i v e  r a t e s  of con t r ac t ion  of  t he  f i l l e d  ma te r i a l  was demonstrated, 



. Titanium - 5 a l  - 2,5.  Sn  
2. Tens-50 Aluminum 

4. FEP Teflon 
5. TFE Teflon 
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F igure  A-3. Ma te r i a l  Thermal Contract ion Comparisons 

1. Kel-F wi th  Addit ional  
12% low-contract ion 

2. TFE Teflon with 60% 
bronze f i l l e r .  
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F igure  A-4. Reduction i n  Thermal Contract ion Using F i l l e r s  



The good d u c t i l i t y  c h a r a c t e r i s t i c s  a t  low temperatures and adequate 

r e s i d u a l  s t r a in -abso rb ing  c a p a b i l i t y  i nd ica t ed  t h a t  f u r t h e r  i n v e s t i g a t i o n  

of  f luorcarbon ma te r i a l s  f o r  cryogenic usage was warranted. 

"Summary L e t t e r  Report on R L  10A-3 Fuel Pump Cooldo\\rn Study," P r a t t  and 

Whitney A i r c r a f t ,  Divis ion of United A i r c r a f t  Corporation, West Palm 

Beach, F lo r ida ,  13 Apr i l  1962 (NAS8-2690). 

The o b j e c t i v e  o f  t h i s  program was t o  develop an organic  coa t ing  system 

t h a t  could be app l i ed  t o  i n t e r n a l  su r f aces  of  t h e  l i q u i d  hydrogen f u e l  

pump which would minimize chilldown precondi t ion ing  of  t he  pump. Mater ia l  

t e s t e d  was Ermalon-310 (TFE phenol ic  r e s i n ) .  Tests  were performed with 

LH2 a t  -423 F. A l l  i n t e r n a l  su r f aces  o f  t h e  pump were coated. These 

included:  

1. Inducer 

2 .  F i r s t - s t a g e  i n l e t  housing 

3. F i r s t - s t a g e  impel le r  

4. Bearing support  p l a t e  

5.  Crossover tube between f i r s t - s t a g e  impel le r  and i t s  e x i t  

6. Second-stage impel le r  

7. Main gearbox housing 

The ma te r i a l  was appl ied  t o  t h e  su r f ace  and fused a t  700 F ,  t h e  tempera- 

t u r e  recommended by t h e  manufacturer of  t h e  coat ing.  During t h e  f i r s t  

a c c e l e r a t i o n  a t tempt ,  t h e  i n t e r n a l  i n s u l a t i o n  f laked  o f f .  

The l i m i t e d  success  o f  the  TFE-fi l led phenol ic  r e s i n  coa t ing  on t h e  

RL-1OA-3 f u e l  pump and the  excessive cure  temperature requi red  f o r  TFE 

coa t ing  e l imina ted  t h i s  type of coa t ing  from f u r t h e r  cons idera t ion .  



"Inves t iga t ion  o f  P o t e n t i a l  Low Temperature In su la t ions  , I f  J .  Hertz ,  

General Dynamics/Convair, San Diego, Ca l i fo rn i a .  Paper presented a t  Cryo- 

genic  Engineering Conference, 23-25 August 1965 a t  l~ous ton ,  Texas. 

The primary ob jec t ive  of  t h i s  program was t h e  eva lua t ion  of  t h e  thermal o r  

mechanical p r o p e r t i e s  of  var ious  organic  ma te r i a l s  with p o s s i b l e  appl ica-  

t i o n  a s  a  low-temperature i n s u l a t o r .  Mater ia l s  t e s t e d  were: Kel-F, poly-  

e thylene ,  epoxy, po lys tyrene ,  and var ious  r e in fo rced  laminates .  Linear  

thermal expansion, thermal conduct iv i ty ,  and l i n e a r  t e n s i l e  p r o p e r t i e s  

were determined a t  temperatures  of  77 t o  -423 F. Thermal conduct iv i ty  

measurements showed t h a t  t h e  Kel-F ma te r i a l  had t h e  lowest value a t  -423 F 

o f  a l l  ma te r i a l s  t e s t e d .  Problems arose  with c e r t a i n  c l a s s e s  o f  m a t e r i a l s ,  

s p e c i f i c a l l y  t h e  polys tyrene  and r e in fo rced  epoxy, because of thermal shock 

caused by t h e  r ap id  reduct ion  i n  temperatures.  Kel-F r e s u l t e d  i n  t he  low- 

e s t  k - f ac to r  (thermal conduct iv i ty)  over  t h e  temperature range i n v e s t i g a t e d  

and is t h e  most promising ma te r i a l  f o r  nons t ruc tu ra l  app l i ca t ions ,  

"Physical and Mechanical P rope r t i e s  of KX 624 I n s u l a t i v e  Coatings." 

Rocketdyne, A Divis ion o f  North American Rockwell Corporation, Canoga Park, 

Ca l i fo rn i a .  

The ob jec t  of  t h e  r e p o r t  was t o  summarize var ious  phys i ca l  and mechanical 

p r o p e r t i e s  of  KX 635 Kel-F d i spe r s ion  i n s u l a t i v e  coa t ings .  Tes ts  were 

performed a t  ambient and -423 F. The p r o p e r t i e s  measured were t h e  coef-  

f i c i e n t  of cont rac t ion ,  thermal conduct iv i ty ,  and cryogenic (-320 F) f a t i g u e  

l i f e .  F lexura l  f a t i g u e  l i f e  t e s t s  were conducted on coated Tens-50 aluminum 

samples (per  ASR.4 DG71). A l l  samples rece ived  1 x l o 6  cyc les  a t  t o t a l  

d e f l e c t i o n s  up t o  0.20 inch.  There was no evidence of  coa t ing  sepa ra t ion  

from t h e  metal a f t e r  one-mil l ion cyc les ,  The th ickness  of  t h e  coa t ings  

ranged from 0.020 t o  0.150 inch. Thermal conduct iv i ty  and l i n e a r  coef-  

f i c i e n t  of con t r ac t ion  d a t a  a r e  presented i n  Fig. A-4 and A-5,  r e spec t ive ly .  

The mechanical and , thermal  p r o p e r t i e s  o f  t h e  f i l l e d  Kel-F ma te r i a l s  were 

s u f f i c i e n t  t o  warrant cont inua t ion  of a  development program f o r  f i l l e d  

Kel-F ma te r i a l s  f o r  cryogenic s e rv i ce .  
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Figure. A-5. Thermal Conductivity of KX 635 
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Figure A-6.Coefficient of Contraction of KX 635 Coating 



"Evaluation o f  KX 635 f o r  Turbomachinery Applicat ions,"  Rocketdyne, A 

Div is ion  o f  North American Rockwell Corporation, Canoga Park, C a l i f o r n i a .  

The o b j e c t i v e s  were t o  determine i f  a  f i l l e d  f luorcarbon p l a s t i c  (KX 635) 

might b e  developed f o r  an i n s u l a t i n g  i n t e r n a l  wearing s e r v i c e  f o r  cryo- 

gen ic  turbomachinery. M e t a l l i c  s u b s t r a t e  was Tens-50 aluminum c a s t i n g  

a l l o y .  Coating ma te r i a l  was KX 635, a  g l a s s  microbal loon-f i l led  Kel-F 

d i s p e r s i o n  ma te r i a l .  Bond s t r e n g t h  between coa t ing  and s u b s t r a t e  a t  amb- 

i e n t  and cryogenic temperatures  was determined by s t a t i c  t e n s i l  t e s t s  

and f l e x u r a l  f a t i g u e  t e s t s .  Tes ts  were performed a t  ambient and l i q u i d  

n i t r o g e n  temperatures  (-320 F).  Tens i le  t e s t s  i nd ica t ed  t h a t  t h e  coa t ing  

adhered t o  t h e  m e t a l l i c  s u b s t r a t e  a t  a l l  temperatures u n t i l  metal f a i l u r e  

occurred.  F lexura l  f a t i g u e  t e s t s  a t  cryogenic temperatures  showed t h a t  

t h e  coa t ing  adhered t o  t h e  s u b s t r a t e  a t  t o t a l  d e f l e c t i o n s  up t o  0.200 inch 

wi thout  coat ing-to-metal  s epa ra t ion .  Erosion r a t e s  o f  t h e  coa t ing  m a t e r i a l  

caused by f l u i d  flow were no t  determined. 

The va r ious  d a t a  generated were promising enough t h a t  f u r t h e r  e f f o r t s  

could b e  j u s t i f i e d  t o  eva lua t e  t h i s  type o f  i n t e r n a l  i n s u l a t i o n  wearing 

s u r f a c e  f o r  cryogenic app l i ca t ions .  The e f f o r t s  a t  t h i s  time were termi-  

na t ed  because o f  t he  f a c t  t h a t  t h i s  Kel-F ma te r i a l  was determined t o  be 

incompatible  with LO and t h e  proposed use  o f  t h i s  ma te r i a l  was f o r  LO2 
2 

turbopumps . 

" Inves t iga t ion  o f  t h e  I n s t a n t  S t a r t  C a p a b i l i t i e s  of  t h e  RL-10 Engine with 

I n t e r n a l l y  In su la t ed  Fuel Pumps," P r a t t  and Whitney A i r c r a f t ,  A Div is ion  

o f  United A i r c r a f t  Corporat ion,  West Palm Beach, F lor ida .  

The o b j e c t  was t o  develop a  coa t ing  system t o  i n s u l a t e  t h e  i n t e r n a l  pass-  

ages o f  t h e  RL-10 l i q u i d  hydrogen turbopump, t o  minimize t h e  h e a t  t r a n s f e r  

i n t o  t h e  p r o p e l l a n t s ,  and allow quick s t a r t  o f  t h e  turbopump. A Kel-F 

coa t ing  system which included KX 643 primer,  KX 635 coa t ing ,  and KX 633 

t o p  coa t  was inves t iga t ed .  Tes ts  were performed i n  l i q u i d  hydrogen (-423 F). 



Thi r ty - th rec  a c t u a l  engine hot  f i r i n g s  were conducted u t i l i z i n g  i n s u l a t e d  

pumps. After  12 hot  f i r i n g s ,  small  cracks were de t ec t ed  in  t h e  i n s u l a t i o n  

but  i t  was found i n  s u i t a b l e  condi t ion  f o r  f u r t h e r  t e s t i n g .  S i x  f u r t h e r  

t e s t  f i r i n g s  d id  n o t  s i g n i f i c a n t l y  clegrade t h e  coa t ing  adhesion t o  t h e  

s u b s t r a t e .  Pump peyformance and eiigirie acce l e ra t ion  i n  some cases  was 

found t o  be acceptab le  us ing  a zero chilldoivn s t a r t .  

The l imi t ed  t e s t  r e s u l t s  demonstrated t h e  f e a s i b i l i t y  o f  i n s t a n t  s t a r t  

with i n t e r n a l l y  i n s u l a t e d  pumps. However, continued experimental e f f o r t s  

would be nedcd t o  v e r i f y  i t s  a p p l i c a b i l i t y  f o r  engine systems. The f u r -  

t h e r  development and modi f ica t ions  o f  t h e  e x i s t i n g  i n s u l a t i o n  ma te r i a l  and 

app l i ca t ion  techniques capable of  s a t i s f y i n g  the  engine s e r v i c e  l i f e  r equ i r e -  

ments with respec t  t o  d u r a b i l i t y  and performance was warranted. 

Fluorocarbons were t h e  p r i n c i p a l  c l a s s  o f  ma te r i a l  considered f o r  use as  

a cryogenic i n s u l a t i o n .  Besides having r e l a t i v e l y  low hea t  t r a n s f e r  coef-  

f i c i e n t s  and good low-temperature d u c t i l i t y ,  t h e  techniques involved i n  

t he  process ing  of t hese  ma te r i a l s  have been thoroughly i n v e s t i g a t e d  and 

succes s fu l ly  used. Of the  fluorocarbon ma te r i a l s  proposed, s p e c i f i c  a p p l i -  

ca t ion  requirements and experience gained through e a r l i e r  programs i n d i -  

ca ted  t h a t  t he  KX 635 g l a s s  microballoon modified Kel-F ma te r i a l  system 

was t h e  most promising of  t h e  ma te r i a l s  evaluated.  

Although t h e  thermal and phys i ca l  p r o p e r t i e s  o f  the  Teflons (TFE and FEP) 

were adequate f o r  proposed a p p l i c a t i o n s ,  t h e  processing times a t  tempera- 

t u r e  necessary t o  completely fu se  the  ma te r i a l s  were considered i n  excess  

of t h e  acceptab le  process ing  range o f  t h e  c a s t  aluminum ma te r i a l  proposed 

f o r  pump components. As an a l t e r n a t i v e  t o  long-durat ion oven fus ing ,  t h e  

use  of a f l u i d i z e d  bed s i n t e r i n g  opera t ion*  was considered.  Although t h e  

fus ing  time could be reduced, t h e  fus ing  temperature s t i l l  remained i n  

excess  of t h e  al lowable s a f e  l i m i t .  

The use of  the  KX 635 mater ia l  f o r  cryogenic i n s u l a t i o n  a p p l i c a t i o n  w i l l  

be d iscussed  in  f u r t h e r  d e t a i l  i n  t h e  fol lowing sec t ions .  

"S in ter ing  of 'Fluon'  PTFE by F lu id  Bed Techniques, Technical Report from 
I .  C .  I .  P l a s t i c s  Div is ion ,  Welwyn ~a>>en C i ty ,  Her t s .  



Summary of L i t e r a t u r e  Search f o r  Conventionally 

Applied Coatings 

Of a l l  ma te r i a l  systems inves t iga t ed  i n  t h e  l i t e r a t u r e  search of  conven- 

t i o n a l l y  appl ied  organic  coa t ings ,  t h e  KX 635 ma te r i a l  was t h e  most prom- 

i s i n g .  Although var ious  o t h e r  ma te r i a l s  warranted f u r t h e r  i n v e s t i g a t i o n s ,  

t h e  dec i s ion  was made t o  l i m i t  t h i s  developmental work t o  improvement by 

modifying t h e  base ma te r i a l  by t h e  add i t i on  of  var ious  q u a n t i t i e s  of  low- 

expansion f i l l e r s .  The reasons f o r  t h i s  dec i s ion  were: 

1. Supe r io r  mechanical and thermal p r o p e r t i e s  o f  t h e  Kel-F ma te r i a l  

t o  o t h e r s  mentioned i n  t h e  l i t e r a t u r e  

2 .  Pas t  experience u t i l i z i n g  t h i s  type  o f  ma te r i a l  f o r  s i m i l a r  

a p p l i c a t i o n  

3 .  Processing l i m i t a t i o n s  imposed upon t h e  evaluated m e t a l l i c  

s u b s t r a t e s  

PLASMA COATINGS 

Three a r t i c l e s  were reviewed p e r t i n e n t  t o  plasma spraying o f  organic  

ma te r i a l s .  They a r e  descr ibed below. 

ttPlasma Spray Al loca t ion  of P l a s t i c  Mater ia l s , "  Kremith, D,  and IY. Rosen- 

bery,  Plasmadyne, Inc.,  Santa  Ana, C a l i f o r n i a ,  Presented a t  12th National  

SAMPE Symposium. 

Plasma spray  parameters f o r  applying organic  ma te r i a l s  t o  metal s u b s t r a t e s  

were repor ted .  Ma te r i a l s  sprayed s u c c e s s f u l l y  inc lude  thermose t t ing  epoxies  

and p o l y e s t e r s  and thermoplas t ic  polyethylene and polyamides. Attempts a t  

spraying  phenol ics ,  polyimides,  and s i l i c o n e s  were unsuccessful .  Coatings 

of  over 0.008 inch  i n  th ickness ,  i n  genera l ,  had good f l e x i b i l i t y ,  impact 

r e s i s t a n c e ,  and d i e l e c t r i c  s t r eng ths .  Polyethylene and a  polyamide 

exh ib i t ed  b e s t  f l e x i b i l i t y  while an epoxy had t h e  b e s t  impact r e s i s t a n c e .  

A l l  had d i e l e c t r i c  s t r e n g t h s  i n  excess o f  5000 rms v o l t s  AC ( t e s t e r  l i m i t ) .  



Plasma-spray paramete rs  were op t imized  f o r  s e v e r a l  o r g a n i c  m a t e r i a l s  and 

a c c e p t a b l e  c o a t i n g s  were d e p o s i t e d ,  The i n f o r m a t i o n  on s p r a y i n g  p a r a m e t e r s  

i s  d i r e c t l y  a p p l i c a b l e  t o  t h e  thermal  improvement s t u d y  because  M a t e r i a l s  

and Processes  u s e s  t h e  same (Plasmadyne) equipment. Consequently,  i t  was 

n o t  n e c e s s a r y  t o  under take  a  development p r o j e c t  t o  op t imize  erluipment 

s e t t i n g s  f o r  s e v e r a l  m a t e r i a l s  o f  i n t e r e s t .  The r e p o r t  a l s o  provided v a l -  

u a b l e  d a t a  on t h e  n e c e s s i t y  f o r  p r e h a t i n g  t h e  s u b s t r a t e  t o  o b t a i n  b e s t  

adhesion.  None o f  t h e  d a t a  p r e s e n t e d  a r e  d i r e c t l y  a p p l i c a b l e  t o  c r y o g e n i c  

s e r v i c e .  

"Flame and Plasma Sprayed Polymeric P r o t e c t i v e  Coa t ings , "  Janowiecke,  R. J. 

and PI. C.  Id i l l son ,  AFML-TR-66-152, P a r t s  I ,  I 1  and 111. 

Plasma-spray paramete rs  f o r  d e p o s i t i o n  o f  s e v e r a l  o r g a n i c  m a t e r i a l s  were  

developed f o r  t h e  Plasmadyne SG-1  plasma gun. A s i l i c o n e  and polyimide 

prepolymer were s u c c e s s f u l l y  d e p o s i t e d  by t h e  plasma s p r a y i n g  t echn ique .  

Crack- f ree  c o a t i n g s  were produced by add ing  z i n c  o x i d e ,  t i t a n i u m  d i o x i d e ,  

and o t h e r  p igments .  The d a t a  i n c l u d e d  v i s u a l  examinat ion f o r  c r a c k s ,  

pores ,  coa lescence ,  and adhesion;  p e n c i l  ha rdness  t e s t s  f o r  c o a t i n g s  

d e p o s i t e d  by v a r i o u s  s p r a y  gun s e t t i n g s ;  s u b s t r a t e  p r e h e a t i n g  t e m p e r a t u r e ;  

and p i g m e n t / r e s i n  r a t i o .  

Organic  c o a t i n g s  can be d e p o s i t e d  by plasma s p r a y i n g  by u s i n g  optimum gun 

s e t t i n g s  and s u b s t r a t e  t empera tu re .  Coa t ings  a r e  improved by adding p i g -  

ments. The r e p o r t  provided a d d i t i o n a l  o r g a n i c  m a t e r i a l s  t o  choose from 

f o r  t h e  the rmal  improvement s t u d y ,  a l though  t h e  r e s i n s  a r e  n o t  r e a d i l y  

a v a i l a b l e  i n  powder form. Moreover, no d a t a  a t  c ryogen ic  t e m p e r a t u r e s  

were p r e s e n t e d ;  however, t h e  p igment / res in  r a t i o s  g iven were u s e f u l  i n  

f o r m u l a t i n g  m i x t u r e s  o f  o t h e r  m a t e r i a l s  f o r  f u r t h e r  Rocketdyne s t u d y .  

''13igh Temperature R e s i s t a n t  Polymeric Coat ings--Progress  Report  No. 6 ,  

October  1968," Elonsanto Research C o r p o r a t i o n ,  Dayton, Ohio, C o n t r a c t  F33- 

615-67-C1383 w i t h  A i r  Force M a t e r i a l s  Labora to ry ,  Wright-Pat AFB, Wright-  

P a t t e r s o n ,  Ohio. 



Po lych lo ro t r i f l uo roe thy l ene  and f luo r ina t ed  e thylene  propylene copolymer, 

both with and without pigment, were succes s fu l ly  depos i ted  by the  plasma 

spray process .  Coatings o f  Kel-F 6061 (3P4 Company) and FEP LC-1361 (Polymer 

Corporat ion)  were evaluated.  Pigments included t i t an ium dioxide  R-900 

(DuPont Corporation) and z inc  oxide SP-500 (New J e r s e y  Zinc Company). Mix- 

i ng  propor t ions  of  pigment and r e s i n  powders and a  s p e c i a l  b a l l - m i l l i n g  

technique t o  make the  mixtures sprayable a r e  descr ibed.  As-sprayed coa t ing  

i n t e g r i t y ,  adhesion, and hardness  were genera l ly  good. Spraying parameters 

were presented  f o r  t h e  Plasmadyne SG-1 plasma gun. Subs t r a t e  temperatures  

on t h e  o r d e r  of 500 F were necessary  t o  produce a  good coa t ing .  Deposition 

of  Kel-F and Teflon coa t ings  by t h e  plasma spray process  a r e  f e a s i b l e  and 

o f f e r  an advantage over  some o t h e r  depos i t ion  processes  i n  t h a t  subsequent 

h e a t  cu r ing  i s  no t  requi red .  

Mixture r a t i o s  and t h e  b a l l - m i l l i n g  prepara t ion  technique provided u s e f u l  

information f o r  subsequent use  i n  formulat ing and prepar ing  o t h e r  m a t e r i a l s  

t o  ob ta in  good coa t ings  f o r  t h e  thermal improvement s tudy.  The appl ica-  

b i l i t y  o f  e i t h e r  FEP o r  Kel-F t o  t h e  s tudy was considered ques t ionable ,  

because of t h e  repor ted  high s u b s t r a t e  temperature requirement during 

coa t ing  depos i t ion .  A temperature of 500 F i s  t oo  h igh  f o r  most aluminum 

a l l o y s  and would be d i f f i c u l t  t o  con t ro l  even on s u b s t r a t e s  which would 

no t  be a f f e c t e d  by t h i s  teinperature.  



APPENDIX B 

ENGINE START MODEL EQUATIONS 

FEED SYSTEM 

Liquid Line. Flow through l i q u i d  l i n e s  a r e  represented by an incom- 

p r e s s i b l e  dynamic form of  Bernoul l i ' s  equat ion:  

The d e r i v a t i v e  of f lowrate  i s  o m i t t e d - f o r  flow-through valves.  For t h e  

present  ana lys i s ,  t h e  flow i s  assumed t o  be l i q u i d  throughout t h e  ox id ize r  

feed system, and up t o  t h e  cooling jacket  i n  t h e  f u e l  feed system. Line 

length  and r e s i s t a n c e  a r e  allowed t o  vary with time according t o  t h e  degree 

of l i n e  priming, Resistance i s  assumed t o  be propor t ional  t o  l i n e  length ,  

which i s ,  i n  tu rn ,  propor t ional  t o  the  amount of  flow i n  the  l i n e  a s  i l l u s -  

t r a t e d  below: 

Flowrate i n  downstream l i n e s  i s  taken t o  be zero i n  t h e  model u n t i l  t h e  

upstream l i n e  i s  f u l l y  primed. To da te ,  a l l  analyses have been conducted 

with the  system primed up t o  t h e  main valves (Fig. 72). 



Tube Bundle. Compressible flow is  assumed i n  t h e  tube  bundle,  The 

form o f  t h e  equa t ion ,used  t o  desc r ibe  t h e  flow process  is  t h e  same a s  

E ~ . B - 1  except t h a t  t h e  l i n e  r e s i s t a n c e  i s  ad jus ted  t o  r e f l e c t  t h e  change 

i n  gas dens i ty  with ope ra t ing  condi t ions .  The bulk temperature o f  t h e  

f l u i d  r i s e s  a s  it passes  through t h e  jacke t  due t o  h e a t  i npu t  from t h e  

combustion process  and from t h e  metal su r f aces  o f  t h e  tubes .  The l a t t e r  

e f f e c t  has been neglec ted ,  which i s  v a l i d  f o r  t h r u s t  chamber wal l  tempera- 

t u r e s  n e a r  t h a t  of  t h e  incoming hydrogen; a l s o ,  it is  i n d i c a t e d  i n  Fig.87 

t h a t  t h e  i n i t i a l  temperature of t h e  pump o f t e n  has a much more s i g n i f i c a n t  

e f f e c t  than t h a t  of  t h e  t h r u s t  chamber. Heat input  from t h e  combustion 

process  i s  assumed t o  be p ropor t iona l  t o  t h e  e igh t - t en ths  power of  cham- 

b e r  p re s su re .  Thus, t o  a f i r s t  approximation, t h e  normalized bulk tem- 

p e r a t u r e  r i s e  through t h e  j acke t  i s  given by: 

The normalized temperature a t  t h e  i n j e c t o r  i s :  

Flowrate through t h e  i n j e c t o r  i s  determined by assuming compressible low 

v e l o c i t y  o r i f i c e  flow. That is :  

I - - - - - w 
"inj P i n j  

- 
where 7 i s  determined from t h e  p e r f e c t  gas law and corresponds t o  T 

i n  j  i n j  
and Fini. The l a t t e r  q u a n t i t y  (F ) i s  determined from t h e  fo l lowing  i n  j 



l , ike\vise,  f lowra te  through the  tube bundle i s  obtained from Eq. B - 7  wi th :  

In t h i s  case ,  t h e  flow d e n s i t y  i s  computed from t h e  p e r f e c t  gas law a t  a  

po in t  i n  t h e  jacket  where t h e  bulk temperature i s  an average between i n l e t  

and o u t l e t  ( i n j e c t o r )  temperatures .  The p re s su re  a t  t h i s  po in t  i s  approx- 

imated by Eq .  B - 3  which n e g l e c t s  t h e  l i n e  inductance f o r  t h e  p re s su re  c a l -  

c u l a t i o n  i n  o rde r  t o  maintain s i m p l i c i t y  while r ep re sen t ing  c o r r e c t  t r e n d s .  

The above approach y i e l d s  q u a l i t a t i v e  r e s u l t s ,  b u t  it i s  f e l t  t h a t  t h e  

flow c h a r a c t e r i s t i c s  with h e a t  t r a n s f e r  due t o  combustion a r e  adequately 

represented .  

This procedure a l s o  assumes t h a t  t he  flow through t h e  tube bundle i s  

s teady  ( i . e . ,  t h e  i n l e t  flow i s  equal  t o  t h e  e x i t  flow). Actua l ly ,  mass 

i s  accumulated i n  t h e  tube  bundle during t h e  s t a r t  t r a n s i e n t  because of  

compress ib i l i ty .  Density should be determined by: 

Temperature should be governed by Eq.13-2, and p re s su re  obta ined  from the  

p e r f e c t  gas law. The p re s su re  drop through t h e  tube  bundle should be  

used i n  conjunct ion with Eq. 39 t o  determine t h e  flow leaving  the  down- 

s t ream por t ion  o f  t h e  tube bundle. This  technique,  which i s  descr ibed  

i n  more d e t a i l  i n  ~ e f . ~ - I * ,  was b r i e f l y  examined dur ing  t h e  s tudy .  I t  was 

found t h a t  in t roducing  t h e  added degree of freedom s i g n i f i c a n t l y  i ~ c r e a s e d  

s o l u t i o n  time on t h e  computer. Reducing t h e  accuracy of t h e  problem i n t e -  

g ra t ions  decreased t h i s  t ime, bu t  s e r i o u s l y  compromised t h e  s t a b i l i t y  o f  

t h e  s o l u t i o n .  Thus, i n  t h e  i n t e r e s t  o f  expediency, t h i s  approach was 

abandoned once it  was e s t a b l i s h e d  t h a t  t h e  t rends  p red ic t ed  were s i m i l a r  

t o  those  obtained us ing  t h e  s i m p l i f i e d  t rea tment  o u t l i n e d  i n  t h e  preced- 

i n g  paragraph. 



Hot-Gas Sec t ion .  Flowrate t o  t he  tu rb ines  depends on t h e  p re s su re  

a v a i l a b l e  a t  t h e  combustion chamber t a p o f f  p o r t s  and t h e  pressure  d i s -  

t r i b u t i o n  and geometry through the  gas flow pa th ,  i n  add i t i on  t o  t h e  

con t ro l  valve a reas .  The compressible flow equat ion  employed i n  t h i s  

a n a l y s i s  i s :  

where F i s  a  modifying f a c t o r  t o  t he  choked flow funct ion ,  and c* i s  t h e  - 
gas c h a r a c t e r i s t i c  v e l o c i t y  which can be normalized t o  g ive  c* = JT. 

This equat ion s t a t e s  t h a t  t h e  gas f l owra t e  through a  p a r t i c u l a r  a r e a ,  A,  

i s  a  f r a c t i o n ,  F, of t h e  f lowra t e  t h a t  would e x i s t  i f  t h e  flow were s o n i c  

with upstream p res su re ,  P. I f  it i s  assumed t h a t  upstream v e l o c i t y  can 

be  neglec ted ,  t h e  f a c t o r ,  F, i s  u n i t y  f o r  downstream-to-upstream p res su re  

r a t i o  l e s s  than t h e  c r i t i c a l  va lue ,  which i s  found from: 
Y 

For l a r g e r  values o f  a, t h e  gas flow funct ion  i s  given by: 

In t h i s  s tudy  it was found convenient t o  dea l  with downstream p res su re  

and de f ine  an i n v e r s e  gas flow func t ion  as  fol lows : 



where 

Flowrates and p re s su res  i n  t he  tu rb ines  and bypass c i r c u i t  i n  Fig. 7 2  a r e  

obta ined  by an i t e r a t i v e  s o l u t i o n  o f  a  s e t  of equat ions l i k e  Eq.R-5, B-6 

and B - 7, which i s  made poss ib l e  by knowing chamber pressure  downstream 

ambient pressure .  

Turbines,  The torque de l ive red  by a  gas t u r b i n e  i s  a  func t ion  of  mass 

f lowra te ,  i d e a l  drop i n  enthalpy through t h e  t u r b i n e ,  e f f i c i e n c y ,  and 

speed. In t h i s  s tudy ,  t h e  r e l a t i o n s h i p  between these  q u a n t i t i e s  i s  d e t e r -  

mined by means o f  paramet r ic  torque maps. These maps were c u r v e - f i t t e d  

by means of a  r e l a t i o n  of t h e  form: 

f o r  cons tan t  a < ao. Values of  A, R ,  and C used f o r  t h e  ox id i ze r  and f u e l  

t u rb ines  a r e  i n d i c a t e d  below. 

For 3, > a t h e  form of  t h e  curve f i t  i s :  
0 ' 

I 

Oxidizer  Turbine 

Fuel Turbine - 
A 

2.202 

1.674 

a m 

2.639 

8.757 

B 

0.512 

0.412 

D 

0.999 

0.111 

C 

0.690 

0.262 

a 
0 

1.402 

4.654 

T 

E 

0.414 

0.100 
1 



The cons tan ts  D ,  E ,  and a a r e  a l s o  l i s t e d  i n  t h e  above t a b u l a t i o n .  Tem- m 
p e r a t u r e  a t  the  f u e l  t u r b i n e  i n l e t  i s  determined on the  b a s i s  of t h e  J-2X 

chamber t apo f f  t e s t  d a t a  shown i n  Fig.B-2. The ind ica t ed  dependence on 

chamber p re s su re  and mixture r a t i o  c l o s e l y  follows t h e  express ion  below: 

Temperature decrease through t h e  f u e l  t u r b i n e  i s  given by: 

The gas temperature a t  t he  o x i d i z e r  t u r b i n e  i n l e t  i s  determined by: 

A s i m i l a r  r e l a t i o n  i s  used t o  determine t h e  gas tempera~ur-e  a t  t h e  e x i t  

o r i f i c e .  

The s t a r t  model does no t  have t h e  c a p a b i l i t y  f o r  a n a l y t i c a l  representa-  

t i o n  o f  an a u x i l i a r y  t u r b i n e  power source ,  which i s  o f t e n  used t o  decrease  

s t a r t  t ime by provid ing  a d d i t i o n a l  high-energy flow t o  t h e  t u r b i n e s  dur ing  

t h e  s t a r t  t r a n s i e n t .  The r ap id  s t a r t s  achievable by means o f  t h i s  compon- 

e n t  a r e  c u r r e n t l y  s imulated by i n i t i a l l y  providing larger-than-nominal 

t apo f f  va lve  a reas  (of Eq. B-5) and high tank pressures .  

. Pump ope ra t ion  is  cha rac t e r i zed  by r e l a t i o n s h i p s  between 

head, flow, speed, e f f i c i e n c y ,  and power. These a r e  u sua l ly  expressed 

by means of  curves o f  normalized head c o e f f i c i e n t  versus  normalized flow 

c o e f f i c i e n t ,  which f o r  t h e  Mark 29 pumps used i n  t h e  s t a r t  model can be 

f i t t e d  a s  follows: 

2 
$ = -0 .513 + 0.5363 + 0.974 ( f u e l )  

2 
4 = -0.408-dj + 0.2447 + 1.164 (ox id i ze r )  

(B- 12) 





where 

and 
- - 

= !'! (cons tan t  p) $ = r  - 
N N 

- - 
Pump head l o s s  o r  i n s t a b i l i t y  because of  p o s i t i v e  s lope  of  t h e  $-4 curve 

i s  no t  r e f l e c t e d  by t h e  model and t h e r e f o r e  i s  checked manually f o r  each 

run. E f f i c i ency  f o r  t h e s e  pumps i s  given by: 

which provides  an express ion  f o r  7 Since each pump ope ra t e s  on a  com- P' 
mon s h a f t  with i t s  t u r b i n e ,  pump and t u r b i n e  speeds a r e  equal.  Accelera- 

t i o n  depends on t h e  d i f f e r e n c e  between turbine-produced and pump-required 

torque  a s  i n d i c a t e d  below: 

This equat ion  can be  i n t e g r a t e d  t o  g ive  s h a f t  speed a s  a func t ion  o f  t ime: 

The c o e f f i c i e n t  preceding t h e  i n t e g r a l  i n  Eq. B-13 i s  t h e  inve r se  o f  t h e  
r 

turbopump time cons tan t .  I t  i s  usua l ly  t h e  one o f  t he  l a rges  i n  t h e  

system and, t h e r e f o r e ,  s t rong ly  in f luences  t h e  system low-frequency 

response c h a r a c t e r i s t i c s .  

Thrust  Chamber. In t h e  chamber, i g n i t i o n  i s  assumed t o  occur  a s  soon a s  

t h e  LO2 dome i s  primed. The normalized f lowra te  through t h e  i n j e c t o r  i s  

determined from: 



Mixture r a t i o  i s  given by:  

and is used t o  determine c h a r a c t e r i s t i c  v e l o c i t y  by means of  t h e  func t iona l  

r e l a t i o n s h i p  shown f o r  L02/H2 i n   fig.^-2. A f i r s t - o r d e r  l a g  i s  assumed 

f o r  chamber p re s su re  such tha-t: 

A r e l a t i v e l y  low va lue  i s  used f o r  t h e  t h r u s t  chamber t ime cons t an t ,  tc, 

i n  t h e  s t a r t  model. 





APPENDIX C 

PAY LOAD ESTIMATES 

FUEL LEAD (DUMP) CHILLDOWN 

This case  t y p i f i e s  t h e  backup chilldown ope ra t ion  u t i l i z e d  with t h e  cur -  

r e n t  S - I V B  system a f t e r  c o a s t i n g  i n  e a r t h  o r b i t .  For a given mission 

requirement,  AV, and performance during t h e  second burn,  t h e  change i n  

burnout weight f o r  p r o p e l l a n t  dump p r i o r  t o  t h e  second burn can be 

determined by n o t i n g  t h a t :  

AV = IS g Rn R = cons t  

which reduces t o  



For a  t y p i c a l  S-IVB mission: WBOl = 148.3K, WpL = 113.6K, \Yp 2 163.7K, so :  
1 1 

IDLE-MODE CHILLDOWN 

'In t h i s  case ,  payload l o s s  a s soc i a t ed  with chilldown can be es t imated  

from t h e  performance l o s s  dur ing  idle-mode opera t ion .  The technique  is  

o u t l i n e d  i n  Ref. B-l*. The p r o p e l l a n t  r equ i r ed  t o  make up t h e  AV l o s s  a t  

t h e  end of t h e  f l i g h t  due t o  t h e  performance l o s s  i s  assumed t o  be  equal  

t o  t h e  l o s s  i n  payload. For small  increments o f  p r o p e l l a n t  burned, t h e  

p r o p e l l a n t  weight r equ i r ed  f o r  a  given AV can be c l o s e l y  approximated by 

t h e  fo l lowing  r e l a t i o n s h i p :  

and a t  t he  end of t h e  f l i g h t :  

These can be combined t o  give:  

For t h e  S-IVB i d l e  mode: AIS/IS = 0.355, R = 2 . 1 ,  W p  = 113.6R 
1 

In t h i s  case ,  W p  inc ludes  both o x i d i z e r  and f u e l  so  idle-mode mixture r a t i o  

must be  known. 

*Ref. B-1.  Byron, R. A. and C. P. Morse: Advanced P r e s s u r i z a t i o n  System 
f o r  Liquid Rockets, Rocketdyne, Presented a t  t h e  AIAA 4 t h  
P rope l l an t  J o i n t  S p e c i a l i s t  Conference, Cleveland, Ohio, 10-14 
June 1968. 
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